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ABSTRACT
In Part I of this dissertation, empirical equations 
for predicting DNA mobility during agarose gel 
electrophoresis (AGE) from voltage gradient are developed 
from the data of McDonnel (3 6) for electrophoresis in a 
1.6% agarose gel. These equations represented the data 
well for DNA between 2 and 10 kilobase pairs (KBp) in 
length. A computer program, called GELSIM, which 
incorporates these equations is described in Part II.
GELSIM was designed to allow researchers to analyze 
electrophoresis data by predicting the effect on DNA 
migration of altering the voltage of electrophoresis. In 
this way, electrophoretic banding patterns produced using 
different voltages could be compared. GELSIM was tested by 
comparing its predicted banding patterns for a DNA standard 
with those actually obtained in the lab. The patterns 
matched well for voltages below 5 volts per centimeter of 
electrode separation, the maximum recommended 
electrophoresis voltage gradient (34).
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In Part III, a characterization of the voltage 
gradient using an electrode grid to measure local voltages, 
it was found that the voltage gradient is linear from anode 
to cathode and invariant from lane to lane in the gel. It 
was also determined that the gradient within the gel was 
significantly lower than that predicted by simply dividing 
the electrophoresis voltage by the electrode separation, 
the usual practice.
Part IV of this dissertation details a measurement of 
local voltage gradient during electrophoresis over very 
short intervals of time. The apparatus used to make these 
measurements consisted of an electrode array hooked via an 
analog to digital converter to a computer. It was found 
that the local voltages were not constant, as expected, but 
fluctuated in a roughly sinusoidal manner by as much as 10% 
of their average value. The frequency of the fluctuations 
was 60 Hz. The source of the fluctuations was determined 
to be the DC power supply used during the electrophoresis 
and the form of the fluctuations, was found to vary from 
power supply to power supply. It was concluded that these 
fluctuations were a general feature of AGE and likely to be 
of theoretical as well as practical importance in 
electrophoretic separation.
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INTRODUCTION
Electrophoresis is widely used to separate 
macromolecules because the apparatus required is 
inexpensive and the procedure is simple. The positive and 
negative outputs of a regulated DC power supply are 
connected to two platinum wires. These wires are about 10 
cm in length and are mounted within a watertight chamber, 
parallel to one another with a separation of anywhere from 
10 to 3 0 centimeters. Between these platinum wires, a gel 
of some kind is placed which contains indentations or wells 
at one end to contain a sample of the macromolecules to 
undergo electrophoresis. The chamber is then filled with a 
buffer to maintain a pH at which the sample macromolecules 
will be charged. The sample is loaded into one of the 
wells in the gel, the power supply is turned on and a 
potential of between 30 and 150 volts is maintained between 
the platinum wires. Bubbles collect at the surfaces of the 
two wires, then break off and rise as the gaseous products 
of electrolysis escape. Over a period of several hours, the 
charged molecules in the sample will move from one end of
1
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the gel to the other. Molecules which are positively 
charged will move towards the platinum wire serving as the 
cathode; negatively changed molecules will move towards the 
anode. The macromolecules navigate through the gel at 
different rates according to their size and shape. In 
general, larger molecules move more slowly. By the end of 
the electrophoresis a complex solution of macromolecules 
has been transformed into a column of bands running from 
the original sample well to the far side of the gel; each 
band represents a DNA molecule of a particular length which 
was present in the original solution.
Electrophoresis has become the technique of choice in 
the separation of large polymers of DNA because of the 
gentleness of the process as well as for reasons of 
simplicity and cost. The electrophoresis of DNA of 
significant size (> 1 kilobase pairs) is carried out using 
an agarose gel and the process is commonly known as Agarose 
Gel Electrophoresis (AGE). Although AGE is not to be viewed 
as an end in itself but as a method employed in the 
solution of biochemical problems, research into the process 
has been necessary to improve the results of AGE as well as 
their interpretation.
The research into the AGE of nucleic acids falls into
2
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two categories; 1) attempts to improve the interpretation 
of DNA electrophoresis banding patterns, and 2) attempts to 
improve DNA separation or to understand the mechanics of 
DNA movement during electrophoresis with an eye to figuring 
out how to improve separation. Since interpretation is 
dependent upon understanding, these two categories are not 
exclusive of one another but the two styles of research 
characteristic of each are different.
In the first instance, researchers are interested in 
practical methods for interpreting electrophoresis data.
The techniques they develop need not be based on theory but 
must provide quick answers which are close to the truth.
In the second instance, the theory becomes more 
important than immediate practical application. A theory 
which is satisfactory qualitatively is not to be discarded 
because it cannot produce exact numbers.
RESEARCH OF THE FIRST CATEGORY
DNA Size Determination
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The most important problem in AGE data interpretation 
is that of determining the length of a molecule of DNA when 
given its electrophoretic mobility. AGE was first reported 
to separate DNA on the basis of size in the mid 1960's 
(61,62). The problem then became to determine the size of a 
molecule of DNA from its position in the gel after 
electrophoresis. To solve this problem a relationship 
between DNA size and its mobility was sought.
It was first believed that the mobility of DNA during 
AGE was inversely proportional to the logarithm of the DNA 
length (1,26,13). Unknown DNA lengths could be determined 
from position on the gel by first making a plot of the 
logarithm of DNA length against migration distance for 
several standards. This semilogarithmic plot is linear for 
DNA sizes below 15 kilobase pairs (KBp) (47) but assumes a 
pronounced curvature for DNA sizes above 15 KBp (21,36,46). 
If the unknown DNA mobility falls within the linear range, 
its size may be read from the best fit line through the 
standard points. To read the plot in the nonlinear range, 
some form of interpolation between standard points lying 
within this range was required (9,42,33,16,43).
In 1979 it was suggested by Southern (54) that DNA 
mobility was proportional to the reciprocal of its length
4
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over a wider range of DNA lengths than it was proportional 
to the logarithm of its length. Methods for DNA length 
determination using a reciprocal relationship began to 
appear (18,44) and a critical comparison of the predictive 
powers of the reciprocal and semilogarithmic relationships 
was made (11) which vindicated the reciprocal relationship. 
At present, the belief in the validity of the reciprocal 
relationship is so great that any proposed DNA migration 
mechanism must predict this relationship to be considered 
plausible (31).
Computer Applications
Since the introduction of the IBM-PC in 1981, 
microcomputer use by scientists has become almost 
universal. The IBM-PC and its downwardly compatible 
descendants are now ubiquitous in the laboratory. The 
ability of computers to the perform curve-fitting 
necessary to derive DNA lengths from migration distances 
has not been overlooked.
A simple program written in BASIC was devised in 1981 
(9) which has been found useful in many laboratories (42). 
The program fitted a parabola to a semilogarithmic plot
5
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(log(size) vs mobility). This program was improved in 1984 
by one of the original authors (42) and called DNAFRAG. A 
program has been written for a programmable calculator (18) 
which gives the user a choice of several methods for 
predicting DNA length from its mobility and operates on 
either semilogarithmic or reciprocal plots. Another 
program has been written which operates on semilogarithmic 
plots either by fitting a second or third order polynomial 
to the data (33) . GELYSIS fits a cubic spline function to a 
semilogarithmic plot (43). SPLINT (16) begins with a plot 
of the reciprocal of DNA length against mobility and fits 
the data with a cubic spline function.
All of these programs are rudimentary and of extremely 
limited utility— most of them might better have been 
written for a programmable calculator. Programming attempts 
thus far fail on several counts:
1. The programs are difficult to use; they were
written for the authors' own use and no emphasis 
was placed on "user friendliness." The result is 
that the only people who are likely to use the 
program are the author and his close associates, 
who understand it well.
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2. The programs are one dimensional— each performs 
only one or two types of calculations and returns 
only one or two types of result. The programs are 
so specialized that they do not really constitute 
stand-alone programs but sub-programs which ought 
to be incorporated into a larger master program. 
Few researchers will find these programs useful 
because of this lack of scope.
3. The programs ignore the powerful graphics 
capabilities of modern microcomputers. The 
programs mentioned above generate tables of 
numbers and line graphs but make no attempt to 
link either of these to a graphical representation 
of the form in which the data was actually 
acquired— a pattern of bands on an agarose gel.
As a result, the ability of the human mind to 
match numbers with physical patterns is largely 
wasted.
4. The programs lack "amenities1 necessary to 
support their main functions. Such amenities 
should include sophisticated functions for the 
loading, saving and editing of data. Libraries of 
common molecular weight standards should be easily
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accessible and both text-based and graphics based 
methods of data entry should be available. None of 
the programs cited here has any such support 
functions.
5. These programs are not "electrophoresis" programs, 
in reality, but general curve fitters. As a 
result, no electrophoresis parameters enter into 
the calculations they perform. These programs 
cannot be used to analyze the effects of voltage 
gradient, or gel concentration on DNA migration. 
The analysis of electrophoretic separations on the 
basis of the electrophoresis conditions should be 
the ultimate goal of those who write software for 
electrophoresis, yet this goal is not even pursued 
by the authors of current software.
In short, the software written for the analysis of 
electrophoresis data is inadequate; efforts must be made to 
improve computer applications.
RESEARCH OF THE SECOND CATEGORY
8
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An Early Electrophoresis Model
An early attempt to provide a theoretical framework for 
AGE was made in 1970 by Rodbard and Chrambach (41). They 
proposed that the separation of macromolecules of differing 
sizes during AGE was analogous to the separation of 
globular proteins during gel filtration. The migration 
process was seen to be governed by purely stochastic 
processes as a molecule with a certain average radius 
tumbled through pores of sizes both greater than and lesser 
than its radius. The model predicted a linear relationship 
between molecular mobility and the logarithm of molecular 
size.
The "Gel Filtration" model of AGE does not work for DNA 
because the behavior of DNA during electrophoresis is 
rather un-protein-like. Subsequent research experience has 
yielded three key phenomena which a theory of DNA 
electrophoresis must explain:
1. The electrophoretic mobility of a molecule of DNA 
is proportional to the reciprocal of its length,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2. High voltage gradients result in poor resolution as 
large pieces of DNA seem to catch up with smaller 
pieces on the gel. Even at modest voltage 
gradients DNA molecules with lengths greater than 
30 KBp have almost identical migration speeds and 
remain unresolved on the gel (23) and,
3. By using a pulsed field rather than a constant 
field, the resolution of DNA molecules of very 
large size could be achieved.
The first observation, that a reciprocal relationship 
held between DNA length and mobility, was made in 1979 by 
Southern (54) . The second observation, that of a complex 
interaction between the field and the DNA molecule, grew 
out of the common experience of a decade of AGE and was 
common knowledge by 1977 (26). Pulsed Field 
Electrophoresis (PFE), introduced in 1984 by Schwartz and 
Cantor, allowed the resolution of DNA molecules with 
lengths in the range of 50 to 2000 KBp (45). This 
technique, whose results surprised most theorists, 
increased the range of separation over 40 times and 
provided concrete proof that the relationship between the 
field and the DNA molecule was more complex than had been
10
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assumed.
The Biased Reptation Model
By 1982 a new theory was put forth by Lumpkin to
explain DNA migration during AGE (32) . This theory, called
the biased reptation theory, has undergone several 
modifications and refinements (31,50) and has become the 
favorite starting point, for theorists. In the biased 
reptation model, the agarose gel is viewed as being
composed of a randomly interconnected network of pores. The
DNA molecule is conceptually broken up into linear segments 
with lengths equal to the diameter of a gel pore; each 
theoretical segment occupies one pore at a time. The set 
of gel pores which the DNA occupies at any one time is 
thought of as a tube through which the DNA passes during 
electrophoresis. It is assumed that only the head and tail 
segments of the DNA polymer are free to move into new 
pores— interior segments are confined to the "tube" and 
cannot puncture its walls. Hence the configuration of the 
tube is completely determined by the movements of the end 
segments.
In the absence of an electric field the DNA polymer
11
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adopts a random coil-like configuration and this is the 
initial configuration of the tube. The movement of the DNA 
is random and caused by Brownian collisions. When an 
electric field is applied, the Brownian motion of the end 
segments becomes biased in the direction of the positive 
side of the field. As a result, after a time, the end 
segments have made enough nonrandom moves into adjacent 
pores to pull the entire DNA polymer out of its original 
tube. After this "tube renewal time", the new tube will be 
partially aligned with the electric field. After several 
tube renewal times, the tube will reach a final equilibrium 
alignment with the field. The effect of this alignment is 
that the DNA polymer is no longer a random coil or globular 
structure but a partially extended strand which snakes 
(reptates) its way through the gel— the head segment enters 
new pores biased by the field while the rest of the polymer 
follows.
The biased reptation theory easily explains the 
relationship between the reciprocal of DNA length and 
mobility. Since the theory predicts that the DNA should 
adopt an extended conformation during electrophoresis, 
whatever frictional or sieving force is exerted by the gel 
pores is expected to act over the entire length of the 
polymer. The retarding force experienced by a DNA molecule
12
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is then expected to be proportional to its length; mobility 
to be inversely proportional to length.
Reptation theory can hint at an explanation for the 
second phenomenon. Reptation theory predicts that the 
alignment of DNA molecules with the field during 
electrophoresis should increase with field strength since 
the bias for pore selection by the end segments increases. 
If a DNA molecule ever becomes completely aligned with the 
field, its movement through the gel might be likened to the 
movement of a needle through cloth— friction would be 
minimized and length would become less important. It 
follows from this that the higher the field strength, the 
lesser the importance of DNA length in determining DNA 
mobility. This would result in poorer resolution at high 
voltage gradients.
The increased resolution obtainable using PFE is not 
easily explained by the reptation theory. PFE is a form of 
electrophoresis in which the orientation of the electric 
field is periodically switched between two states. This 
switching or "pulsing" of the field allows the separation 
of DNA molecules of extremely great size which would be 
completely unresolved using standard constant field 
techniques. Originally, the two field orientations differed
13
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by an angle of 120 degrees (45). In this case, the 
reptation model can explain the increase in resolving power 
in terms of tube renewal times. Because the extent to 
which a polymer of DNA can become aligned with an electric 
field over a given time interval is expected to be 
inversely proportional to its tube renewal time, field 
switching should result in progressively poorer alignment 
as DNA length increases. The switching would then 
constitute a second length-dependent separation mechanism 
and would result in increased electrophoretic resolution.
However, a recent variant on PFE, Field Inversion 
Electrophoresis (5) also leads to increased resolution.
In this technique the angle between the two field 
orientations which are switched is 180 degrees; the field 
is periodically inverted. In this case, a DNA molecule 
which is aligned with one field orientation is also aligned 
with the other— no realignment would be required between 
field orientations, therefore no additional separation 
should occur. Reptation theory cannot explain why Field 
Inversion Electrophoresis works.
The most convincing evidence in support of the 
reptation theory comes from experiments in which the 
acceleration of DNA during a voltage pulse was monitored
14
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along with its orientation. Reptation theory predicts that 
an increase in the degree of DNA orientation with the field 
should result in a concomitant increase in DNA velocity 
through the gel. Holzwarth et al (23) performed such 
experiments recently and found that DNA velocity coorelates 
with its degree of orientation exactly.
Deutche1s Model
The issue is far from closed, however. Deutche has 
based a computer simulation upon the simplest of premises 
and come up with a model which predicts DNA behavior at 
variance with reptation edicts (8). Deutche assumes the DNA 
polymer to be composed of a chain of beads freely hinged 
one to another which must wind their way through a two 
dimensional lattice of obstacles representing the gel.
Each bead experiences a short-range repulsive force between 
itself and the obstacles. Each bead also experiences a 
solvent frictional force, a field force and a random 
thermal force. An elastic tension is maintained between 
adjacent beads. In Deutche's model, each bead on the DNA 
chain contributes to the movement of the whole. Deutche's 
computer simulations using this model indicate that the 
movement of the molecule should involve several steps
15
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comprising a cycle which is repeated many times during an 
electrophoretic separation. Each cycle includes a 
lengthening of the chain in the direction of the field, as 
in the reptation model, but also includes a contraction 
phase during which the DNA becomes compressed. Throughout 
its migration the DNA alternately contracts and expands.
The DNA motions predicted by reptation theories and 
those postulated by Deutche are quite different. Smith (51) 
has actually filmed DNA molecules in the process of 
migrating through an agarose gel in an attempt to determine 
which of the two theories of DNA migration is closer to the 
truth. Smith found that DNA configurations similar to those 
predicted using Deutche's computer simulations showed up 
frequently lending support to Deutche's non-reptational 
model.
DISSERTATION STRUCTURE
The aim of this research was to increase the utility of 
AGE to researchers. As a starting point, two weaknesses 
were identified in the literature on AGE. Both weaknesses
16
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involved an inadequate understanding of the most important 
element of the electrophoretic separation— the electric 
field. The absence of practical equations which related DNA 
size and field strength to DNA mobility was the first 
weakness. The second weakness was that the physical nature 
of the field itself had not been explored. In the absence 
of such an exploration, it is hard to give much credence to 
any model of DNA migration. This Dissertation is divided 
into four parts which, together, span the spectrum of 
research into AGE.
The first two parts concern the development of 
practical equations for predicting DNA movement and, as a 
natural extension, the development of a computer program 
which uses these equations to better interpret 
electrophoresis banding patterns. These first two parts 
fall neatly into the first category of electrophoresis 
research under the headings of "DNA Size Determination" and 
"Computer Applications" respectively.
The second two parts of the Dissertation present 
electrical measurements designed to chacterize the electric 
field created by the DC regulated power supply within the 
electrophoresis chamber. These two parts fit into the 
second category of AGE research.
17
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PART I: THE DERIVATION OF EQUATIONS RELATING THE 
ELECTROPHORETIC MOBILITY OF DNA TO DNA LENGTH AND VOLTAGE 
GRADIENT
INTRODUCTION
Linear, duplex DNA appears to migrate during Agarose 
Gel Electrophoresis at a rate proportional to the 
reciprocal of its length (11,53). For any particular 
voltage gradient one can write an equation relating the 
relative mobility (Mr) of a molecule of DNA to its length 
in kilobase pairs (KBp). Such an equation has the form
Mr = S * 1/KBp + I [1]
where S and I are constants. The two constants, S and I,
18
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are valid only at one electrophoresis voltage gradient and 
can be determined empirically through the use of DNA 
standards. A relationships exists, however, between each of 
these two constants and the electrophoresis voltage 
gradient and it is possible to generalize Equation 1 to 
cover a range of voltage gradients. The derivation of such 
a general form of Equation 1 is described below.
DERIVATION OF EQUATIONS
A paper by McDonell et. al. (36) gives the mobilities 
of DNA molecules through a 1.6% agarose gel at six voltage 
gradients in the form of a graph of DNA length against 
DNA mobility. The graph was enlarged to a size of 17 X 19 
centimeters and the strict linearity of the enlargement was 
verified by comparing height to width ratios between the 
original and enlargement at several locations. The 
enlarged graph was then digitized using a Numonics 
digitizer which is capable of reading distances to the 
nearest three tenths of a millimeter. This method allowed 
the graph to be read to a precision averaging three 
significant figures— a sufficient level of precision since 
the DNA lengths given in this study were known to only 
three significant figures. The raw data with its
19
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Table 1-1. Raw Data Digitized from a Figure by
Mcdonell (3 6)
The following pages give the raw data used to 
compute the equations derived in this section. The 
data was digitized from a figure in a paper by Mcdonell 
et. al. (3 6) .
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Table 1-1 DNA Mobilities Digitized from a Figure
by Mcdonell (36)
LENGTH 0.5 2.0 4.0 6.0 8.0 10.0
(KBp) V/CM V/CM V/CM V/CM V/CM V/CM
1.92 3.45 3.45 3.71 3.90 4.00 4.31
1.86 3.61 3.61 3.79 3.97 4.10 4.37
1.80 3.71 3.71 3.92 4.06 4.19 4.45
1.74 3.81 3.81 4.02 4.15 4.28 4.54
1.68 3.90 3.89 4.10 4.29 4.37 4.60
1.63 4.06 4.06 4.15 4.39 4.48 4.68
1.57 4.15 4.15 4.25 4.47 4.58 4.78
1.52 4.31 4.31 4.36 4.58 4.68 4.84
1.47 4.41 4.41 4.42 4.68 4.78 4.92
1.00 5.84 5.84 6.02 6.02 6.02 6.02
0.90 6.25 6.25 6.35 6.35 6.35 6.35
0.80 6.70 6.70 6.70 6.70 6.70 6.70
0.70 7.13 7.13 7.13 7.13 7.13 7.13
0.59 7.60 7.60 7.60 7.60 7.60 7.60
0.50 8.14 8.14 8.14 8.14 8.14 8.14
0.39 8.82 8.82 8.82 8.82 8.82 8.82
0.30 9.56 9.56 9.56 9.56 9.56 9.56
0.20 10.43 10.43 10.43 10.43 10.43 10.43
22
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conversion to DNA lengths and migration distances is given 
in Table 1-1.
Plots of DNA mobility against voltage gradient made for 
the data in Table 1-1 are linear for DNA lengths below 5 
KBp as shown in Figure 1-1. Although such plots for DNA 
lengths greater that 5 KBp begin to show some curvature, 
regression lines can be fitted to the data with a high 
degree of accuracy. A regression line fitted to a plot of 
DNA mobility against voltage gradient will be referred to 
as a Voltage-Sensitivity Line (V-S Line). A set of V-S 
lines for the data presented in Figure 1-1 is shown in 
Figure 1-2. Regression lines such as those presented in 
Figure 1-2 were computed for 98 lengths of DNA and the 
results are listed in tabular form in Table 1-2. These 
regression lines have equations of the form of Equation 2 
below:
Mr = SlopeKBp * V + InterceptKBp [2]
where
SlopeKBp = the slope of the line for DNA of length
KBp,
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1-1 Relationship Between Electrophoresis
Voltage Gradient and Relative Mobility for 
Six Lengths of DNA
The electrophoresis voltage gradient is found by 
dividing the primary voltage by distance between the 
electrophoresis chamber electrodes; this distance is 
12.7 centimeters for the Hoeffer Mini-Gel chamber used 
in this study. The relative mobilities correspond to 
relative migration distances over identical periods of 
time. Plots are given for only six DNA sizes to avoid 
cluttering the graph but data was obtained for 98 DNA 
lengths ranging from about 37 kilobase pairs (KBp) to 2 
KBp.
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Figure 1-2 Lines of Best Fit for Data Graphed in
Figure 1-1
These six lines represent lines of best fit for 
the six plots given in Figure 1-1. The lines are 
referred to as Voltage-Sensitivity (V-S) lines in the 
text. The slope of a V-S line for a particular length 
of DNA is an indication the sensitivity of the mobility 
of the DNA to a change in voltage gradient.
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Table 1-2. Slopes and Intercepts for V-S Lines
Calculated for 98 Lengths of DNA
This table contains a listing of the slopes and 
intercepts for V-S Lines covering the range of DNA 
lengths from about 37 KBp to 2 KBp. Also included are 
the regression coefficients and variance ratios for the 
regression analysis used to generate the equation for 
each V-S line.
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Table 1-2 Slopes and Intercepts for V-S Lines Calculated
for 98 Lengths of DNA
DNA Length Slope of Intercept Regression Variance
in KBp VS-Line of VS-Line Coefficient Ratio
36.8 0.244 0.179 0.976 78.8
35. 6 0.244 0.179 0.976 78.8
34.4 0.244 0.179 0.976 78.8
33 .3 0.245 0.182 0.977 85.0
32.2 0.244 0.187 0.977 84.6
31.1 0.245 0.186 0.977 85.3
30.1 0. 244 0.200 0.977 85.4
29.1 0. 244 0.201 0.977 82.3
28.2 0.245 0.199 0.977 85.2
27.2 0.246 0.198 0.977 85.7
26.3 0. 246 0.199 0.977 83.5
25.5 0.246 0.199 0.977 83.5
24 . 6 0.246 0.199 0.977 83.5
23.8 0.246 0.210 0.978 86.4
23.0 0.246 0.210 0.978 86.4
22.3 0.247 0.206 0.979 90.3
21.5 0.246 0.213 0.979 92.4
20.8 0.247 0.214 0.978 88.8
20.1 0.247 0.217 0.978 86.1
19.5 0.247 0.223 0.979 94.0
18.8 0. 248 0.221 0.980 94.8
18.2 0.248 0.221 0.980 94.8
17 .6 0.249 0.231 0.981 104
17.0 0.250 0.230 0.981 103
16.5 0.249 0.239 0.982 107
15.9 0.249 0.245 0.981 104
15.4 0.250 0.246 0.981 104
14.9 0.250 0.252 0.982 108
14.4 0.250 0.261 0.982 110
13.9 0.249 0.268 0.983 113
13.5 0. 250 0.272 0.983 117
13 .0 0.252 0.271 0.984 118
12.6 0.249 0.293 0.985 127
12.2 0.250 0.305 0.984 125
11.8 0.250 0.309 0.985 133
11.4 0.249 0.327 0.986 137
11. 0 0.249 0.336 0.987 150
10. 7 0.249 0. 345 0.986 143
10.3 0.248 0.363 0.987 147
9.97 0.248 0.363 0.987 147
9.64 0.247 0. 387 0.987 149
9.32 0.246 0.395 0.987 152
9.01 0.244 0.426 0.987 153
8.72 0.244 0.442 0.989 173
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Table 1-2 Slopes and Intercepts for V-S Lines Calculated
for 98 Lengths of DNA
DNA Length Slope of Intercept Regression Variance
in KBp VS-Line of VS-Line Coefficient Ratio
8.43 0.244 0.463 0.989 183
8.15 0.240 0.498 0.989 184
7.88 0.239 0. 524 0.990 188
7.62 0.238 0.547 0.990 195
7. 37 0.236 0.578 0.990 204
7.13 0.234 0. 605 0.991 210
6.89 0.232 0. 640 0.990 206
6. 67 0. 233 0. 662 0.991 215
6.45 0.228 0.713 0.992 239
6.23 0.228 0.742 0.992 254
6.03 0.224 0.786 0.992 252
5.83 0.222 0.823 0.992 241
5. 64 0. 219 0.871 0.992 253
5.45 0.217 0.908 0.993 283
5.27 0.214 0.959 0.994 313
5.10 0.210 1.01 0.993 301
4.93 0.207 1.06 0.995 423
4.77 0.204 1.12 0.995 388
4.61 0.201 1.17 0.995 440
4.46 0.197 1.24 0.997 579
4.31 0.194 1.29 0.996 449
4.17 0.190 1.35 0.997 659
4.03 0.186 1.41 0.997 652
3 .90 0.181 1.49 0. 996 560
3.77 0.179 1.55 0.997 637
3.65 0.171 1.64 0.997 782
3.53 0.170 1.70 0.998 812
3.41 0.164 1.77 0.997 693
3.30 0.159 1.85 0.997 697
3.19 0.156 1.92 0.997 611
3.08 0.152 2.00 0.997 593
2.98 0.146 2 .11 0.995 389
2 .88 0.142 2.18 0.995 361
2.79 0.140 2.26 0.994 356
2.70 0.135 2.35 0.995 426
2.61 0.131 2.43 0.994 306
2.52 0.123 2.55 0.991 231
2.44 0.120 2.64 0.993 270
2.36 0.116 2.73 0.990 198
2.28 0.110 2.85 0.987 148
2.21 0.108 2.93 0.989 182
2.13 0. 099 3.07 0.988 162
2.06 0.095 3.16 0.985 135
1.99 0. 094 3.26 0.984 120
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Table 1-2 Slopes and Intercepts for V-S Lines Calculated
for 98 Lengths of DNA
DNA Length Slope of Intercept Regression Variance
in KBp VS-Line of VS-Line Coefficient Ratio
1.93 0.091 3.34 0.984 122
1.87 0.081 3.50 0.982 110
1.80 0.079 3.61 0.985 132
1.74 0.077 3.71 0.984 123
1.69 0.077 3.81 0.985 129
1.63 0.068 3.96 0.976 80.1
1.58 0.070 4.05 0.979 92.4
1.53 0. 059 4 .22 0.968 60.0
1.48 0.059 4.31 0.956 42.6
1.00 0. 021 5.86 0.822 8.34
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InterceptKBp = the intercept of the line for DNA of
length KBp,
V = the voltage gradient measured in Volts per 
centimeter of electrode separation.
The SlopeKBp and InterceptKBp terms in Equation 2 apply 
only to DNA of length KBp.
The regression coefficients for V-S lines covering the 
range of DNA sizes from 1.7 to 37 KBp are plotted in Figure 
1-3.
If the slopes of the Voltage-Sensitivity lines derived 
for DNA lengths within the range of 1.7 to 37 KBp are 
plotted against the reciprocals of their respective DNA 
lengths, another linear plot, shown in Figure 1-4, is 
obtained. The plot has a linear portion running from 2 to 
10 KBp and the equation of the regression line 
approximating this segment is:
SlopeKBp = .291 - .415 * 1/KBp [3]
29
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Figure 1-3 Relationship Between the Regression
Coefficient of a Voltage-Sensitivity Line 
for a Particular Length of DNA and DNA 
Length
The linear regression coefficient is a measure of 
the strength of linear correlation between two 
variables. This curve may be interpreted as a record 
of the closeness of fit between the raw data and the V- 
S line calculated to approximate it.
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Figure 1-4 Relationship Between the Slope of the
Voltage-Sensitivity Line Calculated for DNA 
of a Particular Length and the Reciprocal 
of DNA Length
As discussed in the text, this relationship has 
been approximated with a line.






















































A plot of the intercepts of the Voltage-Sensitivity 
lines against the reciprocal of DNA length, given in Figure 
1-5, also contains a linear portion between 2 and 10 KBp 
which can be approximated by a line whose regression 
equation is Equation 4.
InterceptKBp = 7.45 * 1/KBp - .429 [4]
The ANOVA (Analysis of Variance) tables for these 
regression analyses can be found in Table 1-3.
The right hand expressions in Equations 3 and 4 can be 
substituted for the Slope™. and Intercept™, terms
J\Dp i\Dp
,respectively, in Equation 2 to yield Equation 5.
Slope Term Intercept Term
Mr = (.291 - .415 * 1/KBp) * V + 7.45 * 1/KBp - .429 [5]
32
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Table 1-3. ANOVA Table for the Linear Regressions of
V-S Line Slope and Intercept, Respectively, 
on the Reciprocal of DNA Length
Figures 1-4 and 1-5 give graphs of these 
relationships.
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Table 1-3 ANOVA Tables for the Linear Regression of V-S 
Line Slope and Intercept on the Reciprocal of 
DNA Length
ANOVA Table for Linear Regression of Slope of V-S Line








Total .1141402 48 P=0.00
Slope Intercept Correlation Coefficient
-.4146746 .2906474 .9976932
ANOVA Table for Linear Regression of Intercept of V-S Line








Total 36.72084 48 P=0.00
Slope Intercept Correlation Coefficient
7.452885 -.4285996 .9997166
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Figure 1-5 Relationship Between the Intercept of the 
Voltage-Sensitivity Line for DNA of a 
Particular Length and the Reciprocal of DNA 
Length
As discussed in the text, this relationship has 
been approximated with a line.
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Equation 5 is the equation for the Voltage-Sensitivity 
line of a piece of DNA of length KBp. Equation 5 may be 
rearranged to give Equation 6:
Slope Term Intercept Term
Mr = (7.45 - .415 * v) * 1/KBp + .291 * V - .429 [6]
Note that Equation 6 has the form of Equation 1 where 
the S and I constants have become linear functions of the 
voltage gradient. A nomogram for the calculation of Mr 
from V and DNA length using these equations is given in 
Appendix A.
DISCUSSION
The ten plots shown in Figure 1-1 can be approximated 
with regression lines having regression coefficients in the
35
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range of .980 to .998, with a peak in linearity when DNA 
length reaches 3.5 kilobase pairs. Figure 1-3 illustrates 
that the linearity of the traces in Figure 1-1 falls off 
sharply on the low side of the 3.5 KBp maximum and less 
sharply on the high side.
For DNA lengths on the high side of the maximum, the 
loss of linearity is caused by a curvature which begins at 
4.6 volts per centimeter.
The approximations for the slopes and intercepts of 
Voltage-Sensitivity Lines, illustrated in Figures 1-4 and 
1-5 respectively, are linear for DNA lengths ranging from 2 
to 10 KBp. In both cases, however, the points for DNA 
lengths greater than 10 KBp and those for lengths lesser 
than 2 KBp curve away from linearity. Hence, these 
approximations work best for DNA lengths between 2 and 10 
KBp.
Stellwagen (56) has produced plots for DNA mobility in 
a 1.25% agarose gel which resemble those of Figure 1-1, 
although they cover the narrower voltage gradient range of 
0.64 to 3.8 volts per centimeter. The break point at 4.6 
volts per centimeter, identified here, does not fall within 
this range and a DNA length of 12 KBp is shown to yield a
36
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strictly linear plot up to field strengths of 3.8 volts per 
centimeter.
Hervet and Bean have performed a detailed study of the 
mobilities of Phage Lambda HIND III and HAE III restriction 
fragments at several agarose gel concentrations (22) . The 
results of their study are entirely consistent with the 
equations developed here. Particularly striking are the 
graphs of DNA mobility against field strength shown in 
their Figure 1. These graphs are nearly identical in form
to that given in Figure 1 of this section; the curvature
beginning at 4.6 volts is clearly visible in the traces for
DNA sizes in excess of 10 KBp.
Equation 5 suggests that two processes are at work to 
determine the mobility of a piece of DNA during 
electrophoresis. The first process is voltage dependent 
and is represented by the Slope Term in Equation 5 while 
the second process is voltage independent and is 
represented by the Intercept Term.
Slope Term Intercept Term
Mr = (.291 - .415 * 1/KBp) * V + 7.45 * 1/KBp - .429 [5]
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The Slope Term describes the extent to which a piece of 
DNA of length KBp is affected by a change in voltage 
gradient during electrophoresis. As Figure 1-2 indicates, 
the larger the piece of DNA, the greater is its change in 
mobility with a change in voltage gradient. For example, 
the mobility of a 5 kilobase fragment of DNA increases 
about 2.1 times when the voltage gradient is increased from 
2 to 10 volts per centimeter; the mobility of a 2 kilobase 
fragment of DNA increases only 1.2 times over the same 
range of voltage gradients.
The Intercept Term gives a baseline mobility for a 
piece of DNA at zero voltage gradient. This baseline 
mobility is proportional to the reciprocal of DNA length.
The final mobility for a DNA fragment is the sum of its 
baseline mobility and its increase in mobility due to the 
voltage gradient. For .very small pieces of DNA, the final 
mobility is approximately equal to the baseline mobility 
because the Slope Term in Equation 5 becomes small relative 
to the Intercept Term. This situation is reversed for large
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pieces of DNA. In the case of large DNA1s, the baseline
mobility is quite small and the final mobility is almost
entirely determined by the Slope Term.
The interplay between the process underlying the Slope 
Term in Equation 5 and that underlying the Intercept Term 
is important in determining DNA fragment resolution.
Because the voltage response of DNA chains increases with 
length while the baseline mobility decreases, the 
difference in mobility between a large and small molecule 
is greatest at low voltage gradients. Figure 1-1 
illustrates that the difference between the mobilities of a 
2 and 2 0 KBp fragment of DNA decreases by about half as the 
voltage gradient rises from .5 to 10 volts per centimeter. 
This interplay between two processes suggests that maximum 
DNA band resolution will require low voltage gradients.
Exactly what processes are represented by the Slope and 
Intercept Terms in Equation 5 is an interesting question.
A simple theory, which might be called the "Frictional 
Bend" theory, can easily be built around Equation 5. It is 
assumed that the resistance to DNA migration offered by the 
agarose gel is due to friction between the DNA chain and 
randomly located obstacles in the gel but that little 
friction develops unless the DNA chain is bent around an
39
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obstacle. This is a little like pulling a rope (or a snake, 
as in "reptation") through a field of dense, tall grass. At 
zero voltage gradient, the number of times a DNA chain 
bends around a obstacle is expected to be proportional to 
the length of the chain; the mobility of the DNA molecule 
would then be proportional to the reciprocal of its length. 
This phenomenon may underlie the Intercept Term in Equation 
5 above.
When the DNA chain is subjected to a voltage gradient, 
forces operate to straighten the chain in the direction of 
the field. The straighter the chain becomes, by 
definition, the fewer bends it contains to interact with 
obstacles, so that the mobility increases. Shorter pieces 
of DNA contain fewer bends to begin with so that they 
display only a modest increase in mobility with increasing 
voltage gradient as these few bends are removed. Since 
longer pieces of DNA contain many more bends than the 
shorter chains, each increment in voltage gradient results 
in the removal of a greater number of these bends; this 
results in a greater increment in mobility for the longer 
DNA chains over their shorter counterparts. If the above 
scenario is the correct one then the increase in mobility 
which a DNA chain enjoys with increasing voltage is 
expected to be proportional to the number of chain bends
40
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and, therefore, proportional to the DNA length; this is
what the Slope Term of Equation 5 suggests.
Others have postulated similar mechanisms to explain 
DNA separation in agarose gels. Southern (55) has placed 
more emphasis on the formation of loops (which can be 
viewed as extreme bends) as the resolving force in agarose 
gel electrophoresis. DNA chain orientation and elongation 
in the direction of the voltage gradient are two of the 
cornerstones of theories of "reptation" (49,50). In fact, 
this "Frictional Bend" model is not incompatible with 
reptational models since the elongation of the DNA chain in 
the direction of the field, with bend removal, can 
certainly be accomplished through reptation.
The equations developed here can be made useful to the 
researcher by incorporating them into a computer program 
designed to analyze banding patterns. GELSIM is described 
in Part II.
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PART II: GELSIM: A COMPUTER APPLICATION FOR ELECTROPHORESIS
INTRODUCTION
Several computer applications for the determination of 
DNA sizes from their electrophoretic mobilities were 
discussed in the main Introduction. The programs mentioned 
suffer from several limitations:
1) The programs require that the user supply mobility 
data for a set of DNA standards. Since the user 
must perform electrophoresis before using them, the 
programs are strictly a means of analyzing data 
which has already been collected. The programs 
lack the ability to make predictions.
2) The software is capable only of curve-fitting and 
making extrapolations. Such helpful functions as 
graphical displays of gels and data storage and
42
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
retrieval are not implemented.
3) The user-interface is poor so that only a handful 
of laboratories (usually those of the authors and 
their graduate students) understand how to use the 
programs.
GELSIM suffers from none of these limitations. It is a 
full featured, user-friendly AGE analysis package. The 
program is written in Microsoft Quick Basic, which is a 
highly structured form of Basic, and has been compiled for 
the IBM-PC and compatibles. The program requires 384 
kilobytes of memory to run. The manual for GELSIM provides 
a detailed description of the program and discussion of its 
features and is included as Appendix A of this 
dissertation.
ACCURACY OF GELSIM
The algorithms used to calculate DNA migrations 
distances in GELSIM were derived empirically as described 
in Part I. However, the ability of GELSIM to produce 
accurate banding patterns was verified by comparison with 
patterns obtained by the author.
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Procedure
One kilobase DNA ladder, obtained from Bethesda 
Research Laboratories Life Technology Incorporated, was 
subjected to electrophoresis at 60, 80 and 100 volts 
through agarose gels of concentrations of 0.8%, 1.0% and 
1.6%. A Hoeffer Mini-Gel electrophoresis chamber was used 
which had an electrode separation of 12.7 centimeters; 
hence, the voltage gradients used were 4.2, 6.3, and 7.9 
volts per centimeter.
Agarose gels of each of the concentrations listed above 
were cast and cut into three sections. These sections were 
then juxtaposed with sections from the other gels to create 
three composite gels having two lanes at each 
concentration. This technique insured that variations in 
voltage gradient or gel concentration from run to run would 
not obscure the results.
One microgram of DNA ladder was loaded into each of two 
lanes at each gel concentration and electrophoresed in TAE 
(see Part I) until the bromophenol blue tracking dye, which 
comigrates with DNA of length 500 base pairs, neared the 
end of the gel.
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The gels were then stained in ethidium bromide and 
photographed through an orange filter using Polaroid Type 
55 film.
The running conditions for each of the nine lane sets 
are listed in Table 2-1.
GELSIM was then adjusted to each of the nine sets of running 
conditions and loaded with DNA fragment sizes as given by 
BRL; 12216, 11198, 10180, 9162, 8144, 7126, 6108, 5090,
4072, 3054, 2036 and 16.36 base pairs. The calculations were 
performed in Mode 1, using the equations developed in Part 
I, and the Mode 1 Time Constant was adjusted to 0.35.
Results
Figures 2-1 through 2-3 compare the banding patterns 
produced during these experiments with those predicted by 
GELSIM.
At a voltage of 60, GELSIM is acurate to within a 
millimeter at all gel concentrations and at all DNA sizes 
above 2 KBp, as shown in Figure 2-1.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2-1 Electrophoresis Running Conditions
This table gives a summary of the running
conditions used for the test of GELSIM described in
Part II. Gels of 0.8%, 1.0% and 1.6% agarose were used 
at voltages of 4.7, 6.3, and 7.9 volts per centimeter 
to perform electrophoresis on a standard DNA sample.
The sample used was 1 kilobase DNA ladder which
consists of DNA of ranging from 12 KBp to 2KBp in
increments of lKBp.
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Table 2-1 Electrophoresis Running Conditions
SECTIONS VOLTAGE % AGAROSE RUNNING TIME (hours)
GEL 1: 1 60 1.6 2.18
2 60 1.0 2.18
3 60 0.8 2.18
GEL 2: 1 80 0.8 1.78
2 80 1.6 1.78
3 80 1.0 1.78
GEL 3: 1 100 1.0 1.50
2 100 0.8 1.50
3 100 1.6 1.50
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Figure 2-1 Comparison Between Empirical DNA Banding
Patterns And Those Predicted By GELSIM
at 4.7 Volts per Centimeter
This figure shows DNA banding patterns predicted by 
Gelsim next to those obtained during electrophoresis of 
1 kilobase DNA ladder at 60 volts, or 4.7 volts per 
centimeter. From the left, the agarose gel 
concentrations are 1.6%, 1.0% and 0.8%. For each 
agarose gel concentration, two lanes containing 
identical DNA ladder samples are shown followed by the 
pattern produced by GELSIM. Although the 1 kilobase 
DNA ladder contains some DNA fragments smaller than 2 
KBp, these smaller fragments were not entered into 
GELSIM for the tests because they were outside the 
reliable prediction range.
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Figure 2-2 Comparison Between Empirical DNA Banding
Patterns And Those Predicted By GELSIM
at 6.3 Volts per Centimeter
This figure shows DNA banding patterns predicted by 
Gelsim next to those obtained during electrophoresis of 
1 kilobase DNA ladder at 80 volts, or 6.3 volts per 
centimeter. From the left, the agarose gel 
concentrations are 0.8%, 1.6% and 1.0%. For each 
agarose gel concentration, two lanes containing 
identical DNA ladder samples are shown followed by the 
pattern produced by GELSIM. Although the 1 kilobase 
DNA ladder contains some DNA fragments smaller than 2 
KBp, these smaller fragments were not entered into 
GELSIM for the tests because they were outside the 
reliable prediction range.
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Figure 2-3 Comparison Between Empirical DNA Banding
Patterns And Those Predicted By GELSIM
at 7.9 Volts per Centimeter
This figure shows DNA banding patterns predicted by 
Gelsim next to those obtained during electrophoresis of 
1 kilobase DNA ladder at 100 volts, or 7.9 volts per 
centimeter. From the left, the agarose gel 
concentrations are 1.0%, 0.8% and 1.0%. For each 
agarose gel concentration, two lanes containing 
identical DNA ladder samples are shown followed by the 
pattern produced by GELSIM. Although the 1 kilobase 
DNA ladder contains some DNA fragments smaller than 2 
KBp, these smaller fragments were not entered into 
GELSIM for the tests because they were outside the 
reliable prediction range.
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At a voltage of 80, the results are similar. However, 
GELSIM predicts migrations distances which are about 3 
millimeters too great for DNA of lenghts 10, 11, and 12 
KBp at an agarose gel concentration of 0.8%. The results 
for the 80 volt case are shown in Figure 2-2.
When the electrophoresis voltage is increased to 100, 
GELSIM begins to predict distinctly greater migration 
distances than actually observed. At an agarose gel 
concentration of 1.6%, the error is not great and is 
confined to the larger DNA species as in the 80 volt, 0.8% 
agarose case. At agarose gel concentrations of 1.0% and
0.8%, though, the error amounts to an overshoot of a much 
as a centimeter. These results are visible in Figure 2-3.
Discussion
Over the range of DNA lengths from 12 to 3 KBp, GELSIM 
is accutate to within a few millimeters per two hours of 
running time at voltages common during agarose gel 
electrophoresis. At voltage gradients in excess of 6.3 
volts per centimeter GELSIM begins to predict migration 
distances which are decidedly larger than those observed. 
Since voltage gradients of over 5 volts per centimeter are 
not recommnded (34) , this high voltage overshoot should not
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pose a problem to most users of the program.
A reason for the high voltage overshoot is suggested by 
results obtained in Part III below. Figure 3-4 indicates 
that, at voltages above 60, the linear relationship between 
the voltage accross the electrophoresis electrodes and the 
local voltages within the agarose gel flattens. The result 
is that, in the case of the Hoeffer Mini-Gel apparatus, 
increases in electrophoresis voltage result in less than 
linear increases in the voltage gradient to which the DNA 
is subjected.
GELSIM makes use of the voltage gradient, as detailed 
in Part I, to calculate DNA migration distances. Since 
this voltage gradient is calculated by simply dividing the 
total voltage by the electrode separation, the non-linear 
increase in gradient with increasing voltage is not taken 
into account. GELSIM, then, calculates a higher voltage 
gradient than is actually present and, therefore, predicts 
a greater migration distance than that which is observed.
The fact that the errors in GELSIM's calculations are 
greatest for lower agarose gel concentrations and high 
voltages is suggestive of a complex interaction between the 
electric field, the agarose gel and the DNA. An attempt to
51
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characterize this interaction would be an interesting
anvenue for further research.
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PART III: THE MEASUREMENT OF THE VOLTAGE GRADIENT GENERATED 
DURING AGAROSE GEL ELECTROPHORESIS
INTRODUCTION
Since it is the voltage gradient generated by the DC 
power supply which drives DNA migration during 
electrophoresis, it is curious that no study of any 
magnitude has been conducted to characterize the gradient. 
From time to time researchers have made reference to 
measuring the gradient in some area of the gel (56,23) as a 
means to another end but no study of the field itself has 
been made. The following assumptions about the physical 
nature of the voltage gradient are implicit in current 
theories of DNA migration:
1) The voltage gradient is linear from anode to 
cathode.
2) There is no voltage gradient in the direction
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perpendicular to the main gradient or in any other 
direction other than that of the main gradient.
3) The voltage gradient is homogeneous with no 
significant crests or troughs.
4) Local voltage gradients are reflections of the 
primary gradient imposed across the entire 
electrophoresis chamber by the power supply; 
doubling the primary gradient results in the 
doubling of all local gradients.
5) The voltage gradient is constant over time.
The research described here was carried out to test the 
validity of the assumptions above.
CONSTRUCTION OF THE SENSORY APPARATUS
To test the validity of the four assumptions implicit 
to current electrophoresis theories it was necessary to 
construct an apparatus capable of measuring local voltage 
gradients anywhere in the gel. An apparatus consisting of 
an array of 56 perpendicular electrodes arranged in 8 rows
54
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and 7 columns was built. This apparatus is shown in Figure 
3-1.
The major structural member of the apparatus was a 
phenolic resin PC board measuring 7 X 10 cm and permeated 
with a grid of holes spaced at 2 mm intervals. One side of 
the board was sanded smooth to serve as the top; all 
electrical connections were made on the other side, the 
bottom. Stainless steel pins, 0.9 centimeters in diameter, 
were cut to a uniform length of 1 cm and pushed through the 
holes in the PC board from the bottom to form a lattice of 
8 rows by 7 columns and a uniform inter pin spacing of 
exactly 1 cm. The pins were then glued in place using an 
epoxy resin and the apparatus was allowed to set for 
several days, suspended bottom side up so that the pins 
were held perpendicular to the PC board by gravity. A 
layer of epoxy resin was then applied to the bottom of the 
PC board to block any unused holes.
The backs of the pins were sanded to remove excess 
epoxy resin and facilitate electrical connections. The 
individual wires from a standard computer ribbon cable were 
then soldered to the heads of the pins. The cable was 
secured to the PC board using several heavy staples in 
order to remove mechanical strain from the electrical
55
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Figure 3-1 The "Porcupine": Voltage Sensing Array
Used to Make all the Measurements 
Discussed in Part III
This Voltage Sensing Array (VSA) is comprised of 7 
columns of eight rows of vertical stainless steel pins, 
the sensory electrodes, mounted on a phenolic resin PC- 
Board. Connections were made to each of these pins on 
the bottom of the board— these connections were 
embedded in epoxy resin and were water tight. The 
apparatus was designed to fit into a Hoeffer horizontal 
Mini-Gel electrophoresis chamber. For some of the 
experiments discussed in the text, an agarose gel was 
cast directly on the sensory electrodes. A multimeter 
could be connected to any of the electrodes in order to 
measure the potential, relative to ground, of the gel 
or electrolyte at that point.
The figure gives four views of the apparatus.
A. Top View: showing the array of electrodes 
6. End On View: showing seven columns of electrodes
C. Lateral Edge View: showing eight rows of electrodes
D. Bottom View: showing wires to sensory electrodes
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connections.
A thick layer of epoxy resin was applied to the 
underside of the apparatus which completely embedded the 
electrical contacts. Several strips of plexiglass were 
glued to the bottom so that the apparatus, when turned 
right-side-up, would lie flat. Two more plexiglass strips 
were glued to the top surface so that the apparatus would 
easily contain molten agarose. The underside of the 
apparatus as well as that part of the ribbon cable which 
would become wet during the experiments was coated with a 
rubber sealant.
The wires comprising the free end of the ribbon cable 
were soldered to brass screws mounted in a plexiglass frame 
termed an analog board, since these screws were arrayed in 
7 columns and 8 rows to mimic the positions of the sensory 
electrodes themselves. The geometry of the electrical 
connections was such that the ith screw in the jth column 
of the analog board was connected to the ith electrode in 
the jth column of the voltage sensing apparatus.
The apparatus was tested for short circuits while 
submerged in electrophoresis buffer and none were detected.
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EXPERIMENTAL PROCEDURES
All experiments were carried out in a Hoeffer 
Horizontal Mini-Gel apparatus having an electrode 
separation of 12.7 cm. The buffer used in the chamber was 
a solution of 40 mM Tris-Acetate, pH 7.8, with 2 mM EDTA. A 
Bio-Rad Model 400 constant voltage power supply was used 
exclusively. The primary voltage maintained across the 
platinum electrodes of the chamber was monitored 
periodically with a Micronta Digital Multimeter which had a 
much higher precision than the meter on the power supply.
To make the measurements, the sensory apparatus was 
centered between the platinum electrodes of the Mini-Gel 
chamber and covered with buffer. All voltage readings were 
made using a Micronta Digital Multimeter with a precision 
of 0.8% and were relative to the anodic platinum electrode 
of the chamber. The hookup between the Multimeter and the 
screws on the analog board was made via strong alligator 
clamps. Each reading was allowed to stabilize for 10 
seconds before it was recorded.
When measurements were made within agarose gels, the 
molten agarose (Sigma Type III) made up in Tris-Acetate
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buffer was poured directly onto the pc board until it
covered the electrodes. The agarose was allowed to cool at
room temperature.
Measurements at 4° C were carried out entirely within a 
cold room. All apparatus used was prechilled for 3 0 
minutes.
RESULTS
Measurements were made of the voltage gradient within 
the gel chamber under several sets of conditions. In each 
case, the data consisted of a set of 56 voltage readings 
taken from 8 positions in each of 7 lanes or columns. The 
data for each set of measurements can be presented in the 
form of a voltage surface; the X and Y axes of such a 
surface corresponds to the rows and columns of the sensory 
apparatus, or gel, while the Z axis corresponds to the 
voltage gradient at a particular row and column. Table 3-1 
lists the conditions under which voltage surface data was 
collected. The voltage surface data obtained under the 
conditions listed in Table 3-1 is given in Table 3-2. The 
voltage surfaces drawn from the data are given in Figures 
3-2 through 3-5.
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Table 3-1. Raw Data and Statistical Analyses for 21
Voltage Surfaces
The following 21 pages each contain three items:
1. Raw voltage surface data for one set of 
conditions of temperature (25 or 4 °C), gel 
concentration (0%, 0.7%, or 1.0% agarose), and 
primary voltage (10, 20, 30, 40, 50, or 100 
volts).
2. An ANOVA table for the regression of the 
average row voltages on the distance from the 
anodic end of the gel. The slope of this 
regression line corresponds to the voltage 
gradient in volts/centimeter.
3. An ANOVA table for the null hypothesis of no 
difference between columns. Columns 
correspond to lanes in the gel. Differences 
here would indicate a voltage gradient across 
the gel— perpendicular to primary voltage.
A voltage surface drawn for each of these 21 sets 
of data can be found in Figures 3-2 through 3-5.
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 1




1 2 3 4 5 6 7
1 3.9 3 .85 4. 03 3.99 3.72 3.82 3.87
2 4 .33 4.26 4.26 4.16 4.27 4.19 4.3
3 4 . 69 4.69 4. 67 4.25 4.69 4.7 4.49
4 5.14 5.14 5.13 5.17 5.19 5.18 5.31
5 5.57 5.55 5.41 5.58 5.59 5.62 5.59
6 5.98 5.92 6 6.02 5.87 6.01 5.93
7 6.42 6.19 6.48 6.44 6.45 6.38 6.59
8 7.01 6.93 6.9 6.83 6.8 6.93 6.86
ANOVA for Linear Regression of Row Voltages on Row Position
Source ESquares D.F. MS V.R. P
Linear Reg. 55.18936 1 55.18936 5213.57 0.00
Residual .5716286 54 1.058571E-02
Total 55.76099 55
Slope Intercept Correlation Coefficient
.4332654 3 . 393877 .9948611
ANOVA for Seven Columns (Lanes) of Voltage Surface
Source ESquares D.F. MS V.R.
Among Groups 3. 942871E1-02 6 6.571452E--03 .005778829
Within Groups 55.72083 49 1.13716
Total 55.76025 55 P=0.9999990
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 2
















































ANOVA for Linear Regression of Row Voltages oni Row Position










Total 330. 9453' 55
Slope Intercept Correlation Coefficient
1.057482 5.119899 .9967098
ANOVA for Seven Lanes of Voltage Surface





6 3 .401693E- 
49 6.749801
02 .00539693
Total 330.9443 55. P=0.999999
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 3




1 2 3 4 5 6 7
1 8.99 9.01 9.56 9.17 8.33 8.49 8.7
2 10.04 9.95 9.96 9.85 9.97 9.97 10.24
3 11.67 11.63 11.57 10.92 11.48 11.53 11.95
4 13.4 13.34 13.32 13 .4 13.16 13.26 13.91
5 15.07 15. 05 14.76 15.03 15.08 15.03 15.05
6 16.52 16.62 . 16.84 16.86 16.49 16.76 16.63
7 18.28 18.37 18.59 18.48 18.37 18.28 18.7
8 20.46 20.42 20.27 20.12 19.95 20.19 20.13
ANOVA for Linear Regression of Rows Voltages on Row Position





1 799.5402 9212.861 0.00 
54 8.678521E-02
Total 804.2266 55
Slope Intercept Correlation Coefficient
1.649098 6.849954 .9970822
ANOVA for Seven Lanes of Voltage Surface





6 8.854166E-02 5.398215E-03 
49 16.40203
Total 804.2305 55 P=0.9999993
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 4




1 2 3 4 5 6 7
1 11.45 11. 63 11.99 11.59 10. 62 10 11.14
2 12.83 12.75 12.84 12.49 12 .87 12.62 12.94
3 15. 26 15.23 15.12 14.58 15.04 15.23 15.77
4 17.61 17.39 17.47 17.74 17.4 17.54 18.08
5 21. 2 19.89 19.79 19.96 20.04 20.07 20.34
6 22 .1 21.96 22.4 22 .43 21.98 22.26 22.5
7 24.64 24.87 24.94 24.74 24.7 24.5 25.16
8 27.47 27.22 27.23 27.16 27 . 03 27.21 27.23
ANOVA for Linear Regression of Row Voltages on Row Position





1 1601.182 9348.308 0.00 
54 .1712805
Total 1610.432 55
Slope Intercept Correlation Coefficient
2.333709 8.395452 .9971243
ANOVA for Seven Lanes of Voltage Surface





6 .2457682 7.484752E-03 
49 32.83586
Total 1610.432 55 P=0.9999979
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 5




1 2 3 4 5 6 7
1 13 . 6 13.6 14.2 13.8 12.7 13 13.7
2 15.4 15.3 15. 6 15.3 15.7 15.6 16
3 18.7 18.6 18.4 18.1 18.5 18.8 19.3
4 21.8 21.6 21.4 21.8 21.6 21.9 22.9
5 26.5 24.8 24.7 24.9 25 25.2 25.8
6 27.8 27.5 27.9 28 27.7 28 28.4
7 31.2 31.5 31.3 31 31 30.9 31.4
8 34.6 34.3 34.2 34.3 34.1 34.2 34.6
ANOVA for Linear Regression of Row Voltages on Row Position







2710.896 11069.39 0.00 
.2449002
Total 2724.121 55
Slope Intercept Correlation Coefficient
3.036566 9.865807 .9975697
ANOVA for Seven Lanes of Voltage Surface





6 .4869792 8.76892E-03 
49 55.53468
Total 2724.121 55 P=0.9999967
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 6




1 2 3 4 5 6 7
1 26 25.5 26.2 25.9 24.8 25.3 26.2
2 30 30 30.2 30 30. 6 30.5 31.4
3 36.9 36.9 36.6 36.6 36.8 37.2 38.1
4 43 . 6 43.4 43.3 43.3 43.3 44.1 45.3
5 52.5 50 ■ 50.2 50.1 50.1 50.4 51. 6
6 56. 5 56.5 56.6 56.7 56.6 56.5 56.9
7 63.2 63.8 63.7 63.7 63.4 63.5 63.8
8 70.1 70.2 70.5 70.5 70.1 70 70.9
ANOVA for Linear Regression of Row Voltages on Row Position







12337.13 21114.67 0.00 
.5842918
Total 12368.68 55
Slope Intercept Correlation Coefficient
6.477887 18.11022 .9987237
ANOVA for Seven Lanes of Voltage Surface





6 1.03125 4.087464E-03 
49 252.2958
Total 12368.68 55 P=0.9999996
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 7




1 2 3 4 5 6 7
1 3.77 3.68 3.9 3.6 3.52 3.63 3.52
2 4 .13 4.09 4.09 3.61 4.1 4.13 4.12
3 4 . 53 4.55 ' 4.03 4.61 3.91 4.54 4.58
4 5 4.96 4.47 5.12 4.92 5.05 5.09
5 5.42 5.44 5.35 4.98 5.31 4.98 5.47
6 5.83 5.8 5.91 5.61 5.82 5.93 5.88
7 6.37 6.27 6.4 6.37 6.4 6.21 6.25
8 6.84 6.88 6.81 6.84 6.81 6.8 6.61
ANOVA for Linear Regression of Row Voltages on Row Position
Source ESquares D.F. MS V.R. P
Linear Reg. 60.26617 1 60.26617 1839.814 0.00
Residual 1.76886 . 54 3 .275666E-02
Total 62.03503 55
Slope Intercept Correlation Coefficient
.4527549 3.120459 .9856399
ANOVA for Seven Lanes of Voltage Surface
Source ESquares D.F MS V.R.
Among Groups .1514893 6 2.52482 IE-02 1.999202E-02
Within Groups 61.88281 49 1.262915
Total 62.0343 55 P=0.9999614
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 8




1 2 3 4 5 6 7
1 6.42 6.27 6.63 6.58 5.99 6.17 6.18
2 7.21 7.23 7.23 6.73 7.24 7.33 7.34
3 8.33 8.37 7.75 8.49 7.68 8.35 8.48
4 9.86 9.62 9.29 9.73 8.92 9.32 9.48
5 10. 62 10.47 10. 3 10.12 10.35 10. 03 10.68
6 11.53 11. 39 11.58 11.35 11.41 11.64 11.57
7 12 .69 12.74 12.83 12.64 12.71 12.41 12.88
8 13 .99 13 .93 13.78 13.9 13.82 13.79 13.84
ANOVA for Linear Regression of Row Voltages on Row Position





1 346.1555 6070.25 0.00 
54 5.7 02492E-02
Total 349.2349- 55
Slope Intercept Correlation Coefficient
1.085081 5.067319 .9955815
ANOVA for Seven Lanes of Voltage Surface





6 9.488932E-02 .0133352 
49 7.115703
Total 349.2388 55 P=0.9999884
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 9




1 2 3 4 5 6 7
1 8.73 8.48 8.97 9.1 8.15 8.4 8.63
2 10.01 10.07 9.99 9.55 10.07 10.19 10.18
3 11.75 11.77 11.15 11.94 11.13 11.71 11.99
4 13.33 13.25 '12.96 13.79 13.19 13.72 14.16
5 15.46 14.84 14.84 14.78 14.92 14.74 15.6
6 16.76 16. 66 16.79 16.67 16.71 16.95 16.97
7 18.68 18.81 18.74 18.59 18.69 18.43 19.03
8 20.72 20.58 20.43 20.44 20.41 20.34 20.68
ANOVA for Linear Regression of Row Voltages on Row Position
Source ESquares D.F. MS V.R. P
Linear Reg. 859.7501 1 859.7501 8887.989 0.00
Residual 5.223511 54 9.673168E-02
Total 864 .9736- 55
Slope Intercept Correlation Coefficient
1.710064 6.655067 •996976
ANOVA for Seven Lanes of Voltage Surface
Source ESquares D.F. MS V.R.
Among Groups 1.224609 6 .2041016 .01157857
Within Groups 863.749 49 17.62753
Total 864.9736 55 P=0.9999924
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Table 3-1 Raw Data and Statistical Analyses 
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 10




1 2 3 4 5 6 7
1 4.09 3.95 3.76 3.8 3.85 3.74 3.89
2 4.43 4.34 4.36 4.26 4.37 4.39 4.43
3 4.48 4.75 4.28 4.87 4.24 4.82 4.98
4 5.01 5.15 4.99 5.38 5.18 5.33 5.4
5 5.71 5. 65 5.61 5.65 5.66 5.54 5.77
6 6.12 6. 05 6.1 5.94 6.02 6.05 6.08
7 6.61 6.48 6. 54 6.53 6.5 6.12 6.48
8 7.02 6.98 6.96 7.01 6.99 6.91 6.89
ANOVA for Linear Regression of Row Voltages ion Row Position
Source ESquares D.F. MS V.R. P
Linear Reg. 56.65874 1 56.65874 2611.753 0.00
Residual 1.171463 54 2.169376E-02
Total 57.8302 55
Slope Intercept Correlation Coefficient
.4389952 3.426129 .9898197
ANOVA for Seven Lanes of Voltage Surface
Source ESquares D.F MS V.R.
Among Groups .1590576 6 .0265096 2.252361E-02
Within Groups 57.67151 49 1.17697
Total 57.83057 55 P=0.9999452
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 11




1 2 3 4 5 6 7
1 6. 68 6.4 6.51 6.49 6.28 6.22 6.32
2 7.52 7.42 7.42 7.3 7.43 7.47 7.56
3 8.1 8.34 7.94 8.64 7.87 8.52 8.76
4 9.44 9.44 9.24 9.8 9.37 9.8 9.84
5 10.87 10.58 10.45 10.63 10.58 10.56 10.55
6 11.72 11.53 11.62 11. 33 11.4 11.42 11.46
7 12.94 12.66 12.62 12. 61 12.49 12.18 12.46
8 13.73 13 .68 13.44 13.71 13.6 13.61 13.59
ANOVA for Linear Regression of Row Voltages on Row Position





1 312.9361 7903.338 0.00 
54 3.959543E-02
Total 315.0742 55
Slope Intercept Correlation Coefficient
1.031702 5.359843 .9966012
ANOVA for Seven Lanes of Voltage Surface





6 6.551107E-02 .0102009 
49 6.422084
Total 315.0752 55 P=0.9999947
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 12


















































ANOVA for Linear Regression of Row Voltages on Row Position











Slope Intercept Correlation Coefficient
1.649488 7.275519 .9967958
ANOVA for Seven Lanes of Voltage Surface










Total 805.0713 55 P=0.9999843
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 13




1 2 3 4 5 6 7
1 11.8 11. 3 11. 5 11.8 11.2 11.2 11.4
2 14 13.7 13.7 13 .5 13.7 13.7 13.9
3 15. 6 15.9 15.6 16.4 15.5 16.1 17
4 18. 5 18. 3 18.6 19 18.3 19.4 19 .4
5 22.1 20.7 20.7 21 20.6 20.4 20.7
6 23 . 6 23 23.1 22 .8 23.1 23.1 23
7 26.9 25.8 25.4 25. 3 25.3 25 25.3
8 28.1 27.9 27.7 28 27.9 27.9 27 .9
ANOVA for Linear Regression of Row Voltages on Row Position







1628.55 9514.62 0.00 
.1711629
Total 1637.793 55
Slope Intercept Correlation Coefficient
2.353569 9.092872 .9971743
ANOVA for Seven Lanes of Voltage Surface





6 .3597005 1.077578E-02 
49 33.38046
Total 1637.801 55 P=0.9999938
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 14
Concentration of Agarose: 1.0 





1 2 3 4 5 6 7
1 14.2 13.6 13.9 14.2 13.6 13.5 13.8
2 16.8 16.5 16.6 16.4 16.7 16.2 16.9
3 19.1 19.5 19.2 20 19 19.6 20.7
4 22.6 22.5 22.8 23.2 22.4 23.7 23.7
5 27.2 25. 6 25.6 25.9 25.5 25.2 25.5
6 29.5 28.5 28.5 28.3 28.6 28.5 28. 5
7 33.2 31.8 31.4 31.3 31.2 30.9 31.3
8 34 .7 34.6 34.4 34.6 34.4 34.4 34.4
ANOVA for Linear Regression of Row Voltages on Row Position
Source ESquares D.F. MS V.R. P
Linear Reg. 2596.43 1 2596.43 10793.28 0.00
Residual 12.99023 54 .2405599
Total 2609.42 55
Slope Intercept' Correlationi Coefficient
2.971766 10.81277 .9975078
ANOVA for Seven Lanes of Voltage Surface
Source ESquares D.F. MS V.R.
Among Groups 3.121094 6 .5201823 9.779714E-03
Within Groups 2606.307 49 53.18993
Total 2609.428 55 P=0.9999952
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 15




1 2 3 4 5 6 7
1 25.9 26.3 26.3 26.6 26.6 25.9 26.3
2 32.2 32.7 32.1 31.9 32.1 32.2 32.7
3 37.7 39.1 37.5 38.3 37.4 37.7 39.1
4 45.4 43.5 44.2 44.6 43.6 45.4 45.6
5 49 . 5 49. 6 49.6 49.9 49.4 49.5 49
6 55.5 55.2 55.2 55. 3 55.6 55.5 55.4
7 60.4 61.8 61.2 60.8 60.6 60.4 60.3
8 66.8 67. 5 67 67.1 66.7 66.8 67
ANOVA for Linear Regression of Row Voltages on Row Position











Slope Intercept Correlation Coefficient
5.765135 20.79796 .9991092
ANOVA for Seven Lanes of Voltage Surface








Total 9789.047 55 P=l.0000000
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 16


























































ANOVA for Linear Regression of Row Voltages on Row Position











Slope Intercept Correlation Coefficient
.4821595 3.360104. .986656
ANOVA for Seven Lanes of Voltage Surface










Total 70.20947 55 P=0.9999778
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 17




1 2 3 4 5 6 7
1 6.81 6.61 7.04 6.75 6.38 6.31 6.58
2 7.72 7.59 7.62 7.47 7.61 7.67 7.8
3 8.1 8.44 8.08 8.78 7.92 8.61 8.68
4 9. 65 9.67 9.27 9.93 9.47 9.2 9.42
5 11 10.79 10. 68 10.84 10.77 10.47 10.35
6 11.92 11.82 11. 9 11.48 11.8 11.86 11.88
7 13 . 05 13 12.95 12.93 12.72 12.29 12.92
8 14 .1 14.08 13.7 13.95 13.92 14 14.1
ANOVA for Linear Regression of Row Voltages on. Row Position
Source ESquares D.F. MS V.R. P
Linear Reg. 328.9104 1 328.9104 5391.613 0.00
Residual 3 .29422 54 6.100407E—02
Total 332.2046 55
Slope Intercept Correlation Coefficient
1.057706 5.426928 •9950295
ANOVA for Seven Lanes of Voltage Surface
Source ESquares D.F. MS V.R.
Among Groups .4379883 6 7.299805E-02 1.078142E—02
Within Groups 331.7656 49 6.770727
Total 332.2036 55 P=0.9999939
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 18




1 2 3 4 5 6 7
1 9.1 8.88 9.54 9.5 8.84 8.6 8.96
2 10.51 10. 36 10. 38 10.22 10.41 10.5 10.9
3 11.47 11.72 11.5 12.21 11.34 12.01 12.19
4 13.6 13.54 13.23 13.92 13.41 13.61 13.58
5 15.71 15.15 . 15.08 15.31 15.16 15.06 14.42
6 16.98 16.76 16.8 16.21 16.54 16.74 16.75
7 18.77 18.68 18.48 18.42 18.42 17.86 18.46
8 20.24 20.22 19.81 20.2 20 20.16 20.25
ANOVA for Linear Regression of Row Voltages on Row Position







743.8519 7959.466 0.00 
9.345499E-02
Total 748.8984 55
Slope Intercept Correlation Coefficient
1.590631 7.246978 .9966249
ANOVA for Seven Lanes of Voltage Surface





6 8.024088E-02 5.253513E-03 
49 15.27376
Total 748.8955 55 P=0.9999993
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 19







1 2 3 4 5 6 7
1 11.88 11.61 12.15 12.11 11.71 10.9 11.81
2 13.65 13.58 13.54 13.38 13.54 13.67 14.14
3 15.41 15. 62 15. 36 16.08 15.25 15.88 16.52
4 18.2 18.24 17.88 18.75 18.11 18.79 18.74
5 21.34 20.61 20. 63 20.99 20.65 21.34 21.02
6 23.47 22.88 23 22.59 23.22 23.69 23.61
7 26.28 25.95 25. 61 25.32 25.05 24.98 26.08
8 28.1 28.08 27.76 27.94 27.78 27.97 27.73
ANOVA for Linear Regression of Row Voltages on Row Position
Source ESquares D.F. MS V.R. P
Linear Reg. 1633.666 1 163 3.666 9937.453 0.00
Residual 8.877319 54 .1643948
Total 1642.543 55
Slope Intercept Correlation Coefficient
2.357262 9.038214 •9972941
ANOVA for Seven Lanes of Voltage Surface
Source ESquares D.F. MS V.R.
Among Groups 1.603516 6 .2672526 7.980415E-03
Within Groups 1640.939 49 33.48856
Total 1642.543' 55 P= 0.9999974
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 20









1 2 3 4 5 6 7
1 13.2
2 16






































ANOVA for Linear Regression of Row Voltages on Row Position











Slope Intercept Correlation Coefficient
3.084867 9.823456 .9979714
ANOVA for Seven Lanes of Voltage Surface










Total 2809.209 55 P=0.9999992
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Table 3-1 Raw Data and Statistical Analyses
for 21 Voltage Surfaces
CONDITIONS OF MEASUREMENT FOR VOLTAGE SURFACE 21




1 2 3 4 5 6 7
1 24.8 24.5 25.5 25.3 25.1 23.9 25.1
2 30.2 29.9 . 30.2 30.1 30.2 30.3 30.8
3 35.9 36.2 35.9 36.7 35.9 36.4 37.2
4 42.3 42.3 42.2 43.1 42.2 43.3 43.2
5 49.9 48.5 48.4 48.7 48.2 49.3 49
6 55.3 54 .4 54. 6 54.2 54.1 54.9 54.9
7 62.9 62.6 ' 61.2 60.8 60.3 60.4 61.9
8 67.9 67.6 67.3 67.1 66.9 67.3 67.3
ANOVA for Linear Regression of Row Voltages on Row Position







11022.85 29139.92 0.00 
. 3782733
Total 11043.28 55
Slope Intercept Correlation Coefficient
6.123128 18.24235 .9990747
ANOVA for Seven Lanes of Voltage Surface





6 .6471354 2.87241E-03 
49 225.2935
Total 11043.27 55 P= 0.9999998
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Figure 3-2 25 °C Voltage Surfaces for 0% Agarose at
Six Primary Voltages
These voltage surfaces represent the potential at 
each of the 56 sensory electrodes of the Voltage
Sensing Array relative to ground. Row number is
plotted on the x-axis, column number on the y-axis, and
voltage on the z-axis. The rows run parallel to the
platinum electrodes of the electrophoresis chamber, 
which supply the primary voltage.
In order to fit the surfaces into a reasonable 
area and still show the slope of the "ramp" that 
results, a common factor has been subtracted from all 
the readings such that the voltages of the lowest row 
of electrodes are near zero. This subtraction does not 
effect the shape of the surface.
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Figure 3-3 25 °C Voltage Surfaces for 0.7% Agarose at
Six Primary Voltages
These voltage surfaces represent the potential at 
each of the 56 sensory electrodes of the Voltage
Sensing Array relative to ground. Row number is
plotted on the x-axis, column number on the y-axis, and
voltage on the z-axis. The rows run parallel to the
platinum electrodes of the electrophoresis chamber, 
which supply the primary voltage.
In order to fit the surfaces into a reasonable 
area and still show the slope of the "ramp" that 
results, a common factor has been subtracted from all 
the readings such that the voltages of the lowest row 
of electrodes are near zero. This subtraction does not 
effect the shape of the surface.
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Figure 3-4 25 °C Voltage Surfaces for 1.0% Agarose at
Six Primary Voltages
These voltage surfaces represent the potential at 
each of the 56 sensory electrodes of the Voltage
Sensing Array relative to ground. Row number is
plotted on the x-axis, column number on the y-axis, and
voltage on the z-axis. The rows run parallel to the
platinum electrodes of the electrophoresis chamber, 
which supply the primary voltage.
In order to fit the surfaces into a reasonable 
area and still show the slope of the "ramp" that 
results, a common factor has been subtracted from all 
the readings such that the voltages of the lowest row 
of electrodes are near zero. This subtraction does not 
effect the shape of the surface.
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Figure 3-5 4 "Centigrade Voltage Surfaces for 0%
Agarose at Six Primary Voltages
These voltage surfaces represent the potential at 
each of the 56 sensory electrodes of the Voltage
Sensing Array relative to ground. Row number is
plotted on the x-axis, column number on the y-axis, and
voltage on the z-axis. The rows run parallel to the
platinum electrodes of the electrophoresis chamber, 
which supply the primary voltage.
In order to fit the surfaces into a reasonable 
area and still show the slope of the "ramp" that 
results, a common factor has been subtracted from all 
the readings such that the voltages of the lowest row 
of electrodes are near zero. This subtraction does not 
effect the shape of the surface.
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The Voltage Gradient
Measurements were made at primary voltages (power 
supply voltages) of 10, 20, 30, 40, 50 and 100 volts for 
room temperature gels of .7% and 1% agarose as well as for 
buffer only runs. Data for buffer only runs at 10, 20 and 
30 volts are also given. Voltages measured for these 
experiments are given in Table 3-1 followed by graphical 
depictions of the data in the form of voltage surfaces in 
Figures 3-2 through 3-5. In each case, the gradient from 
the cathodic end of the gel to the anodic end was found to 
be linear. A regression analysis of the data for each set 
is presented in the form of an Analysis of Variance (ANOVA) 
table in Table 3-2. The slopes of these regression lines 
are equivalent to voltage gradients and if they are plotted 
against the corresponding primary voltages, the graph is 
also linear as shown in Figure 3-6. The equations for the 
regression lines calculated for the dependance of gel 
voltage gradient on primary voltage under the various test 
conditions are given in the legends for the appropriate 
figures.
Transverse Gradients
For each set of voltages given in Table 3-1, an ANOVA
85
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Table 3-2. ANOVA Tables for the Regression of Voltage
Gradient on Primary Voltage
Voltage gradients from the anodic to the cathodic 
end of the gel were obtained from the slopes of the 
regression lines calculated from the data in Table 3-1. 
These slopes, representing the gradient in 
volts/centimeter, are plotted here against the primary 
voltage for four sets of conditions as follows:
Circles: 25 °C, 0% Agarose
Squares: 4 °C, 0% Agarose
Triangles: 25 °C, 0.7% Agarose
Diamonds: 25 °C, 1.0% Agarose
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Table 3-2 ANOVA Tables for the Regression of Voltage




of Agarose: 0% 
25 °C
ANOVA Table for Linear Regression of Voltage Gradient on 
Primary Voltage








Total 23.2154 5 P=0.00





of Agarose: 0% 
4 °C
ANOVA Table for Linear Regression of Voltage Gradient on 
Primary Voltage








Total .790422 2 P=0.00
Slope Intercept Correlation Coefficient
.06286545 -.1746757 .9999943
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Table 3-2 ANOVA Tables for the Regression of Voltage








ANOVA Table for Linear Regression of Voltage 
Primary Voltage
Gradient on








Total 20.45291 5 P=0.00





of Agarose: 1.0% 
25 °C
ANOVA Table for Linear Regression of Voltage Gradient 
Primary Voltage
on
Source ESquares D.F. MS V.R.
Linear Reg. 
Residual
17.89932 1 17.89932 
.02895546 4 .007238865
2472 .66
Total 17.92828 5 P=0. 00
Slope Intercept Correlation Coefficient
.05933952 -.1040373 .9991922
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Figure 3-6 The Relationship Between Average Voltage 
and Distance Along the Gel for Voltage 
Surfaces Measured Under Four Sets of 
Conditions
The four sets of conditions for which data is 
plotted are:
Diamonds: 25 °C, 0% Agarose
Squares: 25 °C, 0.7% Agarose
Circles: 25 °C, 1.0% Agarose
Triangles: 4 °C, 0% Agarose (3 points are plotted at
10, 20, and 3 0 volts, but are hard to see 
since, in this area of the graph, data for 
all conditions is nearly identical)
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table was generated for the hypothesis of no difference 
between the various lanes. A significant difference 
between lanes would indicate that a transverse voltage 
gradient existed.
The ANOVA Tables for these analyses are also given in 
Table 3-1. In none of the 21 cases analyzed was there a 
significant difference between lanes.
Effects of Gel Concentration and Temperature
An ANOVA was performed on the data for each power 
supply voltage to test the hypothesis of no difference 
between voltages under the various conditions of 
temperature, gel concentration and buffer strength. No 
significant differences were detected.
DISCUSSION
The voltage surfaces in Figures 3-2 through 3-5 suggest 
that the voltage gradient present during electrophoresis 
can be viewed as a uniform ramp. DNA can be imagined to 
tumble down the voltage ramp from the cathode to the anode.
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During its trip down the ramp, the DNA does not fall into 
any voltage depressions because the ramp is relatively 
smooth and featureless.
The slope of the voltage ramp does not change with 
temperature, gel concentration or buffer strength. The 
slope does, however, increase with increasing primary 
voltage.
The first four of the implicit assumptions listed in 
the introduction can be taken in turn and compared to the 
results given here.
Assumption 1: Gradient Linearity
The voltage gradient was indeed found to be linear from 
the anodic end of the gel to the cathodic end in all cases 
examined. This linearity was extremely well defined as 
indicated by the variance ratios of 5200 to 29,000 for the 
regression analyses. Assumption 1 was confirmed.
Assumption 2: Transverse Gradients
An examination of the voltage surfaces given in Figures
3-2 through 3-5 reveals no transverse gradients in the gel;
90
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the voltage ramp is flat from side to side. A statistical 
search for significant differences between the lanes in the 
gel revealed none; none of the variance ratios generated 
by the ANOVA's came near an acceptable level of 
significance. Assumption 2 was confirmed.
Assumption 3: Homogeneity
The homogeneity of the voltage gradient was confirmed. 
The voltage surfaces in Figures 3-2 through 3-5 are smooth.
Assumption 4: Relation Between Primary Voltage and Local 
Voltage
The relationship between the local voltage and the 
primary voltage is given in Figure 3-6 for four sets of 
electrophoresis conditions. In each case the relationship 
is linear. This linearity is also extremely pronounced as 
the variance ratios of 2800 to 8000 for these regression 
analysis indicate. Part of assumption 4 appears to be 
correct— that the local gradient is a reflection of the 
primary voltage. However, assumption 4 is not completely 
valid; doubling the power supply voltage does not result in 
the doubling of all the local voltages. The equations of
91
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the lines which best fit the plots in Figure 3-6, found in 
Table 3-2, have nonzero intercepts and slopes which are 
less than unity. A look at the raw data given in Table 3-1 
explains why this is so.
As an example, consider the data given for the room 
temperature buffer only experiment at a primary voltage of 
10. Beginning at the anode and moving towards the cathode, 
three distinct segments of voltage change can be 
delineated. In the first, the voltage increases from zero 
to 3.9. This phase is followed by a linear phase of 
relatively shallow slope. The third phase is characterized 
by another large jump from 7.01 volts to the full power 
supply voltage of 10 volts. These three phases are related 
to the geometry of the Mini-Gel chamber.
The first phase corresponds to the voltage gap between 
the anode, which lies at the base of the chamber, and the 
anodic end of the gel, which rests on a platform. The 
anodic end of the gel is separated from the anode by about 
5 centimeters of buffer and this separation results in an 
initial large voltage increase from the anode to the gel.
The second phase runs from the anodic end of the gel to 
the cathodic end along the surface of the platform. The
92
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gradient from end to end is a linear function of horizontal 
distance, as expected.
The third phase is like the first and corresponds to 
the gap between the cathodic end of the gel and the 
cathode.
A ramification of these observations is that the 
voltage gradient within the gel, though linear, cannot be 
calculated merely by dividing the primary voltage by the 
electrode separation as is the practice now; the geometry 
of the chamber must be taken into account.
This has great impact on data analysis in 
electrophoresis and may explain the nonlinearity in the 
reciprocal mobility relationship when voltage gradients are 
high. Plots of mobility against voltage gradient must be 
adjusted to reflect the gradient which actually exists in 
the gel, not the overall p[ower supply voltage.
Assumption 5: Constancy Over Time
This final assumption is so important that it will be 
examined in a separate section, Part IV.
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PART IV: VOLTAGE MEASUREMENTS OVER TIME
INTRODUCTION
In Part III, measurements were given of the voltage 
gradient created by the regulated power supply during 
electrophoresis. These measurements were designed to test 
four of five major assumptions which are implicit in the 
theories on gel electrophoresis outlined in the main 
Introduction. The fifth assumption given in Part III was 
that of gradient uniformity over time. It is assumed 
everywhere and by all that the voltage gradient remains 
constant because it is the function of the regulated power 
supply to keep it so. However, though gradient uniformity 
may be demonstrated easily over long time periods, no study 
has been made of variations over time scales of seconds or 
milliseconds.
Since theories of reptation (23,31,50,49), 
non-reptation theories (8), and computer simulations of DNA
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electrophoresis (8,51) all assume the voltage gradient to 
be static, it is of great importance to determine whether 
it is, indeed, static. The experiments described below 
were conducted to determine whether or not the voltage 
gradient varies over short time scales.
MATERIALS AND METHODS
The voltage sensing apparatus described in Part III and 
illustrated in Figure 3-1 was used in this study. A new 
piece of apparatus was also built and used.
The new voltage sensing array was 
constructed much like the original, as outlined in Part 
III. Instead of vertical stainless steel pins, however, 
the sensory electrodes were 1 cm lengths of 0.7 millimeter 
platinum wire stretched horizontally against the top 
surface of the PC board. The electrodes were oriented so 
that they would be perpendicular to the voltage gradient. 
One lane of these electrodes ran down the center from one 
end of the apparatus to the other, spaced at 0.25 
centimeter intervals. In all other respects, the apparatus 
was identical to that of Part III. This apparatus is 
depicted in Figure 4-1.
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Figure 4-1 Voltage Sensing Apparatus Used Most Often 
in This Study
This Voltage Sensing Apparatus, or VSA, is 
comprised of a set of platinum wires, the sensory 
electrodes, arrayed down the center of a phenolic resin 
PC-Board. Connections made to the sensory electrodes 
on the bottom of the VSA are embedded in epoxy resin 
and are water tight. The apparatus is made to fit a 
Hoeffer Mini-Gel horizontal electrophoresis chamber.
An agarose gel can be cast directly on top of the 
sensory electrodes. A volt meter or Analog to Digital 
Converter (ADC) may be connected to any two platinum 
wires in the apparatus to monitor the voltage between 
them during electrophoresis.
The figure shows four views of the apparatus.
A. Top View: showing the electrode array
B. End On View: showing the single column of electrodes
C. Lateral Edge View: showing the electrode rows
D. Bottom View: showing the wires to the electrodes





o f ' /  .'V ./
.»■ vV y
96
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
To measure voltage gradients over extremely short 
periods of time, the voltage sensing electrodes were 
connected to an Analog-to-Digital Converter (ADC) installed 
in an IBM-PC compatible computer. The ADC used was the 
DAS—20 from MetraByte Corporation. This ADC has the ability 
to measure voltages in several ranges to a precision of 12 
bits, or one part in 4096 (6). For these experiments, a 
range of 0-10 volts was selected so that voltages could be 
measured to the nearest 2.44 millivolts.
The electrical connections to the DAS-20 were made 
using a manufacturer-supplied screw terminal box. This box 
was mated with the DAS-20 via an edge connector and ribbon 
cable. Connections between the screw terminal box and the 
brass machine screws of the analog board of the VSA were 
made using test leads with alligator clamps.
The DAS-20 may operate in one of two input 
modes— single ended or differential (6). For these 
experiments, the single ended mode was used. When a 
voltage was to be measured between a pair of sensory 
electrodes, one electrode was connected to the positive 
terminal of one ADC channel while the other was connected 
to the ADC ground.
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Software was written to collect, display, and save the 
data. The software was designed to take advantage of the 
Direct Memory Access (DMA) capabilities of the IBM-PC. DMA 
allows data collected by the DAS-20 to be read directly 
into the computer's memory without involving the 
microprocessor and slowing the computer down. Using DMA, 
it is possible to sample at rates of almost 100,000 samples 
per second (6), which corresponds to a sampling interval 
of 10 microseconds.
Additional software was written to analyze the data 
after storage on 5.25 inch disks. Since the data turned 
out to be periodic in character, this software was used to 
locate minima and maxima, calculate periods, averages and 
Form Factors (ratio of root mean square to arithmetic 
average) for the voltage traces. Each set of data was 
subjected to a Fourier Transformation in order to assess 
the relative strengths of the harmonic components. All 
software was written in QuickBasic, Version 4.0. The 
source code for routines important to the acquisition of 
the data presented here can be found in Appendix B.
Measurements were made at 0%, .5%, .7%, 1.0%, 1.3% and
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1.5% agarose gel concentrations. The gels were made using 
TAE buffer and Sigma Type III agarose.
Two power supplies were used. The first was the 
Bio-Rad Model 400 supply used for the experiments of Part 
III. The second was a Hoeffer PS 150 Constant Voltage 
power supply. The Bio-Rad Model 400 power supply was used 
for most of the experiments. All measurements were made at 
room temperature and used the platinum electrode voltage 
sensing apparatus unless otherwise stated.
DATA ANALYSIS
A 50 millisecond voltage trace, which is typical of 
those obtained during this study, is shown in Figure 4-2. 
This trace is obviously periodic and can be characterized 
by waveform, period, translation, midpoint, amplitude and 
amplitude/translation ratio. The definitions and methods of 
measurement of each of these characteristics is given 
below.
Waveform
Two quantitative methods were used to characterize the
99
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Figure 4-2 Voltage Trace for Biorad Model 400 Power 
Supply
This voltage trace was made using the platinum 
electrode VSA immersed in TAE buffer. The primary 
voltage was 60 and the sampling rate was 10,000 
readings per second. Note the sinusoidal shape of the 
trace; the Form Factor for this trace is 1.11.
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waveform of the voltage traces. The first was to perform a
harmonic analysis of the data to determine the relative
contributions of various harmonic oscillations to the wave. 
To do this, a Fourier Transform was performed on the data 
and the Fourier Spectrum for the harmonic series which was 
generated was examined to determine the relative 
contributions of the harmonic components represented. Only 
the first ten harmonics to either side of the principle 
harmonic were examined.
The second method was to calculate a "Form Factor" for 
the wave. The Form Factor of one cycle of a wave is found 
by taking the ratio of the root mean square (rms) of the 
cycle to its average value. The rms value of a wave cycle
can be determined by taking the average of the squares of
each of its values. The square root of this average is the 
rms value for the wave cycle. The Form Factor for several 
general waveforms along with examples of these waveforms 
are given in Figure 4-3. The Form Factor of a wave tends to 
increase with increasing scatter. Since Form Factors can 
be calculated quickly and yield information on wave shape 
in the form of a single number, they were used often.
Period
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Periods were calculated for each data set and given in 
milliseconds as well as Hertz. The periods were calculated 
as the average distance from maximum to maximum.
Translation
Each data set was broken up into cycles running from 
maximum to maximum. An arithmetic average was calculated 
for each cycle by summing the values of all voltages 
measured during the cycle and dividing by the number of 
voltage measurements. This arithmetic average was called 
the translation of the cycle. The average translation for 
a data set was the arithmetic average of the cycle 
translations.
Amplitude and Amplitude/Translation Ratio
The amplitude for a wave cycle was the difference 
between the minimum and maximum for the cycle divided by 
two. The average amplitude for a data set was the average 
of the amplitudes for the cycles composing the data set. 
Because the ratio of the amplitude to the translation of 
the periodic voltage traces was felt to have more 
significance to electrophoresis than the amplitude itself,
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Figure 4-2 shows 50 milliseconds of a typical voltage 
trace, taken using the Bio-Rad Model 400 power supply, 
which covers several cycles of fluctuation. Table 4-1 
gives a summary of the characteristics of this wave. The 
wave has a frequency of about 60 Hz and a form factor of 
about 1.11. The Fourier Spectrum of the wave, presented in 
Figure 4-4, is dominated by a 60 Hz component.
Replacement of Power Supply with a Battery
As a first step in eliminating trivial sources from 
consideration, the DC power supply was replaced with an 
automobile (lead-acid) battery. When local voltages within 
the chamber were monitored, no fluctuations were found.
104
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Figure 4-4 Fourier Spectrum for Bio-Rad Model 400 
Power Supply
The Fourier Spectrum represents the relative 
contributions of sine wave components of various 
frequencies to the final waveform. The peak at 60 Hz 
indicates that the Biorad Model 4 00 waveform is 
primarily composed of a 60 Hz frequency component.
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Table 4-1 Summary Tables for Voltage Traces Taken
Using the Bio-Rad Model 400 and the Hoeffer 
PS-150 DC Power Supplies
The data for this voltage trace is typical of that 
obtained in this study. The sampling rate used here was 
10,000 readings per second. All voltages are expressed 
in millivolts. The data summarized in this table shows 
periodic fluctuations; the readings taken from one peak 
to the next constitute a single cycle.
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Table 4-1 Summary Tables for Voltage Traces Taken Using 
The Bio-Rad Model 400 and Hoeffer PS-150 DC 
Power Supplies
BIO-RAD MODEL 400
Sample Size: 3996 Points Sampling Rate: 2000 /sec







PERIOD AVERAGE: 33.3 




+ / -  o
NUMBER OF PERIODS: 119 
FREQUENCY [Hz]: 60.1 
%AMPL/AVG RATIO: 5.4
HOEFFER :PS-150
Sample Size: 3996 Points Sampling Rate: 2000 /sec










33.41 +/“ 2.22 
16.7 +/- 1.11 
1.27 +/- 0.08
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Differences Between Power Supplies
To investigate the possibility that the voltage 
fluctuations might be a function of the particular power 
supply used, the Bio-Rad Model 400 power supply listed in 
MATERIALS AND METHODS was tested against the Hoeffer PS-150 
power supply. Voltage fluctuations occurred in each case 
and representative traces for the two are given in Figures
4-2 and 4-5. Statistical Summaries for the two power 
supplies are given in Table 4-1. Although the form factor 
(P=0 for T- Test), translation (P=0 for T-Test), amplitude 
(P=0 for T-Test),and amplitude/translation ratio varied 
between power supplies, the period (P=.52 6 for T- Test) did 
not.
Fourier Spectra for the two traces are presented 
in Figure 4-4 and 4-6 for the Bio-Rad Model 400 and the 
Hoeffer PS-150, respectively. In the both cases, the 
spectrum is dominated by a 60 Hz component.
Although the data are not given here, two Gelman power 
supplies and the Bio-Rad Model 500/200 were also tested and 
found to generate voltage fluctuations similar to those of 
the Hoeffer PS-150 and the Bio-Rad Model 400.
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Figure 4-5 Voltage Trace for Hoeffer PS-150 Power
Supply
This voltage trace was made using the platinum 
electrode VSA immersed in TAE buffer. The primary 
voltage was 60 and the sampling rate was 10,000 
readings per second. Note the non-sinusoidal shape of 
the trace; the Form Factor for this trace is 1.27.
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Figure 4-6 Fourier Spectrum for Hoeffer PS-150 Power
Supply
The Fourier Spectrum represents the relative 
contributions of sine wave components of various 
frequencies to the final waveform. The peak at 60 Hz 
indicates that the Hoeffer PS-150 waveform is primarily 
composed of a 60 Hz frequency component.
















CHARACTERIZATION OF THE VOLTAGE FLUCTUATIONS WITH RESPECT 
TO AGAROSE GEL CONCENTRATION AND PRIMARY VOLTAGE
Voltage traces were recorded in gel concentrations of 
0, 0.5, 0.7, 1.0, 1.3, and 1.5 percent agarose at primary 
voltages of 20, 30, 40, 50, 60, and 70. The combination of 
6 gel concentrations and 6 primary voltages resulted in 36 
sets of data.
AGAROSE GEL CONCENTRATION
Form Factor and Period
No effect on the form factor (P=.167 for ANOVA) or the 
period (P=.115 for ANOVA) of the fluctuations was observed 
with changing gel concentration.
Translation, Amplitude and Amplitude/Translation Ratio 
Differences were detected in translation (P=0 for
110
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ANOVA), amplitude (P=0 for ANOVA), and 
amplitude/translation ratios (P=0 for ANOVA). These 
differences, however, showed no trend with increasing gel 
concentration.
PRIMARY VOLTAGE
Form Factor and Period
The form factor of the voltage fluctuations showed a 
very slight variation with primary voltage (P=.015 for 
ANOVA) but the variations appeared random. The periods of 
the voltage fluctuations were invariant with respect to 
primary voltage (P=.832 for ANOVA).
Translations
The relationship between average translation and 
primary voltage is depicted in Figure 4-7 for several 
agarose concentrations. The translation of the voltage 
fluctuations increases linearly with primary voltage.
There is a slight jump in the voltage from 0% agarose to
0.5% but the slope of the increase is the same. As agarose
111
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Figure 4-7 Relationship Between Average Translation of 
Voltage Fluctuations and Primary Voltage at 
Four Agarose Gel Concentrations
Primary voltage refers to the voltage maintained 
by the power supply. Translation refers to the average 
value of a wave cycle.
Circles: Average Translations for 0% Agarose
Diamonds: Average Translations for 0.5% Agarose
Triangles: Average Translations for 1.0% Agarose
Squares: Average Translations for 1.5% Agarose
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concentration increases, a curvature develops in the data 
at high primary voltages which tends to lower the 
translation of the voltage fluctuations. Table 4-2 gives 
the ANOVA tables for linear regressions at the 6 agarose 
concentrations. These relationships can be approximated 
with lines of correlation coefficient greater than .99.
Amplitude
The amplitudes of the voltage fluctuations show a 
slight linear decrease with primary voltage which is 
greatest at high agarose concentrations and disappears at 
0% agarose. These data are presented in Figure 4-8. The 
regression analysis for the data at all 6 agarose 
concentrations appears in Table 4-3.
Amplitude/Translation Ratios
Amplitude/translation ratios decrease with increasing 
primary voltage as shown in Figure 4-9. Although the form 
of this decrease is the same for all gel concentrations, the 
ratios are shifted upward with increasing concentrations of 
agarose; the jump between 0% and .5% agarose is 
particularly striking.
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Figure 4-8 Relationship Between Average Amplitude of
Voltage Fluctuations and Primary Voltage at 
Three Agarose Gel Concentrations
Primary voltage refers to the voltage maintained 
by the power supply. Amplitudes are one half the 
difference between the minimum and maximum for a wave 
cycle.
Diamonds: Average Amplitude for 0% Agarose
Circles: Average Amplitude for 0.5% Agarose
Triangles: Average Amplitude for 1.0% Agarose
Squares: Average Amplitude for 1.5% Agarose
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Figure 4-9 Relationship Between Amplitude/Translation 
Ratio for Voltage Fluctuations and Primary 
Voltage at Three Agarose Gel Concentrations
Primary voltage refers to the voltage maintained 
by the power supply. Amplitude/Translation Ratios are 
equal to the amplitude of a wave cycle divided by the 
average value, or translation, for that wave cycle.
Circles: Average Amplitude/Translation Ratio for 0%
Agarose
Squares: Average Amplitude/Translation Ratio for 1.0%
Agarose
Triangles: Average Amplitude/Translation Ratio for 1.5% 
Agarose
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Table 4-2 ANOVA Table for Linear Regression of
Average Translation of Voltage Fluctuations 
on Primary Voltage for Six Concentrations 
of Agarose
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Table 4-2 ANOVA Table for Linear Regression of Average
Translation of Voltage Fluctuations on Primary
Voltage for Six Concentrations of Agarose
REGRESSION AT 0% AGAROSE
ANOVA Table for Linear Regression of Translation on Voltage









Slope Intercept- Correlation Coefficient
23.046 73.266 .999
REGRESSION AT 0.5% AGAROSE
ANOVA Table for Linear Regression of Translation on Voltage
Source ESquares D.F. MS V.R. P
Linear Reg. 625505 1 625505 2404.632 0
Residual 1040.5 4 260.125
Total 626545.5 5
Slope Intercept Correlation Coefficient
18.906 102.553 .999
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Table 4-2 ANOVA Table for Linear Regression of Average
Translation of Voltage Fluctuations on Primary
Voltage for Six Concentrations of Agarose
REGRESSION AT 0.7% AGAROSE
ANOVA Table for Linear Regression of Translation on Voltage









Slope Intercept Correlation Coefficient
19.988 180.519 ’ .998
REGRESSION AT 1.0% AGAROSE
ANOVA Table for Linear Regression of Translation on Voltage
Source ESquares D.F. MS V.R. P
Linear Reg. 590469.9 1 590469.9 882.925 0
Residual 2675.063 4 668.766
Total 593145 5
Slope Intercept Correlation Coefficient
18.369 185.127 . .998
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Table 4-2 ANOVA Table for Linear Regression of Average
Translation of Voltage Fluctuations on Primary
Voltage for Six Concentrations of Agarose
REGRESSION AT 1.3% AGAROSE
ANOVA Table for Linear :Regression of Translation on Voltage









Slope Intercept Correlation Coefficient
18.468 220.565 ' .994
REGRESSION AT 1.5% AGAROSE
ANOVA Table for Linear ]Regression of Translation on Voltage
Source ESquares D.F. MS V.R. P
Linear Reg. 652603.1 1 652603.1 1250.572 0
Residual 2087.375 4 521.844
Total 654690.5 5
Slope Intercept Correlation Coefficient
19.311 185.221 . . 998
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Table 4-3 ANOVA Table for Linear Regression of Average
Amplitude of Voltage Fluctuations on Primary
Voltage for Six Concentrations of Agarose
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Table 4-3 ANOVA Table for Linear Regression of Average
Amplitude of Voltage Fluctuations on Primary
Voltage for Six Concentrations of Agarose
REGRESSION AT 0% AGAROSE
ANOVA Table for Linear Regression of Amplitude on Voltage









Slope Intercept Correlation Coefficent
-.016 70.905 .296
REGRESSION AT 0.5% AGAROSE
ANOVA Table for Linear Regression of Amplitude on Voltage
Source ESquares D.F. MS V.R. P
Linear Reg. 33.701 1 33.701 124.799 0
Residual 1.08 4 .27
Total 34.781 5
Slope Intercept Correlation Coefficent
-.139 114.472 .984
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Table 4-3 ANOVA Table for Linear Regression of Average
Amplitude of Voltage Fluctuations on Primary
Voltage for Six Concentrations of Agarose
REGRESSION AT 0.7% AGAROSE
ANOVA Table for Linear Regression of Amplitude on Voltage









Slope Intercept Correlation Coefficent
-.15 132.327 .934
REGRESSION AT 1.0% AGAROSE
ANOVA Table for Linear Regression of Amplitude on Voltage









Slope Intercept Correlation Coefficent
-.207 131.626 .989
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Table 4-3 ANOVA Table for Linear Regression of Average
Amplitude of Voltage Fluctuations on Primary
Voltage for Six Concentrations of Agarose
REGRESSION AT 1.3% AGAROSE
ANOVA Table for Linear Regression of Amplitude on Voltage









Slope Intercept Correlation Coefficent
-.204 137.876 .962
REGRESSION AT 1.5% AGAROSE
ANOVA Table for Linear Regression of Amplitude on Voltage
Source ESquares D.F. MS V.R. P
Linear Reg. 290.834 1 290.834 308.144 0
Residual 3.775 4 .944
Total 294.609 5
Slope Intercept Correlation Coefficent
-.408 149.324 .994
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DISCUSSION
The voltage fluctuations described almost certainly 
reflect actual conditions within the agarose gel during 
electrophoresis. One risk in making measurements of any 
sort is that the apparatus used to measure a phenomenon 
might, in fact, be the cause of the phenomenon. It is 
prudent, therefore, to discuss briefly how the sensory 
electrodes can be indicators of local voltage gradients 
without introducing artifacts into the measurements.
The voltages measured across the sensory electrodes of 
the VSA during electrophoresis result from electron 
movement from one electrode to the other through the 
measuring device. This electron flow is the result of 
redox reactions in the electrolyte at the electrode 
surfaces. These reactions involve charge transfer and are 
driven by the voltage gradient, or charge imbalance, 
existing in the electrolyte due to the primary voltage. The 
voltage which is detected between two sensory electrodes is 
the potential difference existing within the electrolyte 
between the two electrodes.
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Since the internal impedance of the DAS-20 ADC used in 
this study is 100 MegOhms (6) , only a minuscule amount of 
current flows between sensory electrodes when measurements 
are made. Hence, the potential differences in the 
electrolyte caused by the primary voltage are measured but 
not significantly altered during the measurements.
Universality
The voltage fluctuations observed in these experiments 
were generated by the power supply since they dissappeared 
when the power supply was replaced with a battery. Since 
at least five common electrophoresis power supplies produce 
these voltage fluctuations, it is reasonable to conclude 
that the fluctuations are a general feature of agarose gel 
electrophoresis.
Power Supply
Although the period of the voltage fluctuations is 
invariant, other features such as form factor, translation, 
amplitude and amplitude/translation ratio and relative 
magnitude of Fourier Coefficients are influenced by the 
type power supply used. The contrast between Figure 4-2, a 
trace derived from the Bio-Rad Model 400, and Figure 4-5, a
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trace produced by the Hoeffer PS-150, suggests that each 
type of power supply has a unique voltage signature.
Voltage Effects
The electrophoresis parameter with the greatest effect 
on DNA migration is the primary voltage. It is, therefore, 
of interest that both the translation and amplitude of the 
voltage fluctuations are affected by the primary voltage.
As illustrated in Figure 4-7, at 0% agarose,the 
relationship between primary voltage and translation is 
linear from a primary voltage of 20 to 70; this is what one 
would expect. At an agarose concentration of 1.0%, the 
relationship is linear only as far as a primary voltage of 
50 after which the translation increases less rapidly. At 
an agarose concentration of 1.5%, the translations are 
significantly lower than those at 0% agarose over the 
entire range of primary voltages examined. These results 
are consistent with those illustrated in Figure 3-6 of the 
previous section.
Although there is a slight saturation of the 
translation of the voltage fluctuations with increasing
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primary voltage, the relationship can be approximated very 
well with a line over the whole voltage range examined and 
at all agarose concentrations. The variance ratios for 
these regression analyses are all greater than 355.
Amplitude and Amplitude/Translation Ratio
Although translation increases with increasing primary 
voltage, amplitude decreases. As Figure 4-8 indicates, 
this increase is slight, linear, and greater at higher 
agarose concentrations. This decrease in amplitude along 
with the increase in translation produces a rather drastic 
decrease in the amplitude/translation ratio with increasing 
primary voltage. This decrease, illustrated in Figure 4-9, 
is not linear. It is also apparent that the 
amplitude/translation ratio is shows a significant increase 
with increasing agarose concentration.
Electrophoresis Theory
The remarkable increase in DNA band resolution 
attainable with Pulsed Field Electrophoresis was mentioned 
in the main introduction. In PFE, the orientation of the 
field is periodically switched between two states, 
originally at a 120 degree angle to one another. In the
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constant field case, it is assumed that DNA eventually 
adopts a configuration allowing for the most efficient 
migration. The time taken for this configuration to be 
reached can be called the "reorganization time" and should 
be greater for longer pieces of DNA than for shorter. When 
a constant field is switched on, the DNA undergoes this 
reorganization only once, perhaps giving the shorter pieces 
of DNA a small head start on the larger ones. Subsequent 
DNA separation may take place due to friction as the DNA 
polymer slides through the gel pores. However, in the 
pulsed field case, the periodic switching of the field 
orientation causes the reorganizational event to occur 
repeatedly. During each event the shorter pieces gain 
ground over the longer ones due to their shorter 
reorganization times. The same is presumably true of 
Reversed Field Electrophoresis, a variant of PFE in which 
the field is periodically reversed.
With the foregoing in mind, the voltage fluctuations 
documented here can be viewed as another variant of PFE. 
There are significant differences, however:
1. Whereas time interval between pulses in traditional 
PFE is on the order of seconds, the peak to peak interval 
for the voltage fluctuations is about 17 milliseconds; the
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peak to trough interval is 8.5 milliseconds.
2. Whereas the orientation of the field changes 
during PFE, only the magnitude of the local field changes 
due to the voltage fluctuation. This is similar to the case 
of Reversed Field Electrophoresis.
The periodic voltage fluctuations are likely to play a 
major role in DNA migration during electrophoresis.
According to the data presented here, a piece of DNA 
migrating through a 1.0% agarose gel under the influence of 
a primary voltage of 40 experiences, every 17 milliseconds, 
a rise in local field strength of 15% from the average 
value, followed by a decline to 15% below the average 
value. This is a severe change in field strength which 
undoubtedly perturbs the conformation of the DNA as it 
migrates. Exactly what form these perturbations take is 
beyond the scope of this investigation, but it is probable 
that the effect is not the same for long and short pieces 
of DNA. If this is so, then each voltage fluctuation may 
represent a separation event during which small pieces of 
DNA gain ground over their longer counterparts. Since 
these fluctuations occur at the rate of 60 per second, as 
many as 216,000 separation events would occur during the 
course of a one hour electrophoretic separation.
127
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
It has been long observed that the best resolution of 
DNA fragments is obtained at low primary voltages (34); the 
reason for this is not Jcnown. If the voltage fluctuations 
play the role suggested above in DNA resolution, then the 
data presented here provide an answer. If the voltage 
fluctuations are viewed as separation events, then the 
amplitude/translation ratio is a measure of the degree of 
separation which is expected to occur during each event.
If the ratio is high, then the degree of conformational 
perturbation in the DNA is expected to be high since the 
fluctuations represent a large fraction of the average 
field strength. When the ratio is low, the degree of 
conformational perturbation, and therefore separation, per 
event is expected to be low. It follows that the larger 
the amplitude/translation ratio, the greater the DNA 
resolution.
Figure 4-9 illustrates that the amplitude/translation 
ratio declines with increasing primary voltage. The 
decline is rather precipitous from 20 to 40 volts and 
gentler thereafter. In fact, Figure 4-9 might very well be 
a plot of DNA resolution against primary voltage since DNA 
resolution is quite high at very low primary voltages but 
drops off rapidly as the voltage is increased; the decline
128
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
is lesser once moderate primary voltages are attained 
(22,56).
Implications for Theoreticians
Theories of DNA migration and separation during 
electrophoresis can no longer be based upon assumptions of 
constant field strength. This will undoubtedly complicate 
these theories— especially theories of reptation 
(23,25,31,49). Theories of reptation, outlined in the main 
introduction, assume that the DNA adopts an extended, 
rather linear conformation, oriented parallel to the field, 
as it migrates— the "head" or "tail" chooses new pores in 
the gel while the rest of the polymer follows the ends. 
Voltage fluctuations of the frequency and magnitude of 
those documented here would tend to disrupt this gentle 
scenario, injecting it with a lethal dose of disorder. 
Constant cycles of acceleration and deceleration might 
cause the DNA molecule to alternately stretch out and 
contract. Indeed, this "breathing" movement has been 
observed using the fluorescence microscope (51).
Practical Implications
A variable which is never taken into account when
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optimizing electrophoretic separations, is the type of 
power supply. It is clear from this study that both the 
form factor and amplitude/translation ratio are functions of 
the power supply used. The form factor of the Bio-Rad Model 
400 is that of a sine wave, 1.11, while that of the Hoeffer 
PS-150 is quite different at 1.27. An investigation of the 
effect of waveform on DNA separation would be very 
interesting. The amplitude/translation ratios for the 
Bio-Rad and Hoeffer power supplies at a 60 volt primary 
voltage were 5.35 and 3.70 respectively; the difference 
between these two ratios may indicate a difference in 
resolving power between the two.
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SUMMARY
The results of these studies of the voltage gradient 
present during agarose gel electrophoresis can be 
summarized in six points, as follows:
1. For DNA fragments between 2 and 10 KBp in length, 
an increase in the voltage gradient results in a decrease 
in fragment resolution which can be quantified using a 
combination of two linear equations.
2. The voltage gradient/resolution relationship can 
provide the basis for a computer program which can predict 
banding patterns at voltage gradients of less than 5 V/cm. 
This level is the maximum recommended level for agarose gel 
electrophoresis (34).
3. The voltage gradient is linear from anode to 
cathode and does not vary from lane to lane during 
electrophoresis.
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4. The voltage gradient is not properly calculated by 
dividing the total voltage by the electrode separation; the 
geometry of the electrophoresis chamber must be taken into 
account.
5. The voltage gradient is not constant but 
fluctuates by as much as 10% at a frequency of 60 Hz.
These fluctuations originate in the DC power supplies used 
during electrophoresis and are roughly sinusoidal in form. 
There are, however, variations in the waveform from power 
supply to power supply..
6. The magnitude of the fluctuations relative to 
their average value decreases with increasing voltage 
gradient. This decrease in relative magnitude corresponds 
with the decrease in DNA resolution which is observed when 
the voltage gradient in increased.
7. The discovery of voltage fluctuations during 
conventional electrophoresis blurs the distinction between 
conventional and pulsed field electrophoresis. Theories of 
DNA migration during conventional electrophoresis will have 
to be revised to take into account a pulsating voltage 
where a static voltage had been assumed.
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The major conclusions drawn from these studies 
suggest several avenues for new research.
The equations used in GELSIM can be refined to take 
into account the geometry of the electrophoresis chamber in 
the calculation of voltage gradient. New equations can 
also be developed to cover DNA sizes smaller than 2 KBp and 
those greater than 10 KBp.
The most important line of new research, however, is 
the investigation of the effect of the voltage fluctuations 
on DNA resolution. The frequency, waveform and wave 
magnitude of the voltage fluctuations can be altered using 
and analog/digital converter such as the DAS-20. By 
exerting control over each of these parameters, it may be 
possible to perform DNA separations at high resolution.
The prospect that there is a "resonant" oscillation 
frequency for DNA of a particular length is intriguing. 
Finally, a knowledge of how the voltage fluctuations affect 
DNA migration may lead to a redesign of DC power supplies 
for electrophoresis. New power supplies might either 
eliminate or modify voltage fluctuation to increase DNA 
resolution.
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PART 1: INTRODUCTION
GELSIM is an agarose gel electrophoresis (AGE) 
simulation and analysis package. When a set of 
experimental conditions is specified, GELSIM performs a 
simulated electrophoresis of Form III DNA on the computer 
screen. GELSIM helps you to analyze the results of your own 
experiments by allowing you to enter banding patterns 
obtained under one particular set of electrophoresis 
conditions and showing you how the patterns change when the 
conditions are altered. GELSIM helps to expedite DNA size 
determinations by displaying DNA sizes as DNA bands are 
positioned by the user on a graphical representation of an 
agarose gel. Some of GELSIM1s many features are summarized 
below.
1.1 FEATURES
-The Electronic Agarose Gel provides 8 lanes holding up to 
30 DNA fragments each, for a total of 240 fragments!. The
151
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running conditions prevailing in each lane can be adjusted 
independently of those in the other lanes but all lanes may 
also use a common set of running conditions.
-The adjustable running conditions include the following:
1. Voltage
2. Ionic strength of the running buffer
3. Agarose gel concentration
4. Duration of electrophoresis
5. Electrode separation
6. Agarose gel length
-DNA fragments may be entered either by their size or by 
their position on the gel. If entered by size, the length 
of the DNA fragment is entered from the keyboard. If the 
fragment is to be entered by its position on the gel, a 
Cursor Line is moved across the gel to the correct position 
and the band is inserted using the Insert key. Bands may 
also be deleted using the Delete key.
-Names consisting of up to 20 characters may be assigned to 
the contents of each of the 8 gel lanes for easy 
identification.
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-DNA banding patterns may be produced instantly or may be 
observed as they form using GELSIM's animation option. 
This is useful in determining at which point the separation 
of any two bands occurs.
-A tracking dye may be run in each lane.
-Banding patterns may be generated from DNA lengths using 
three different calculation methods; the method may differ 
from lane to lane. The methods include one developed by 
the author, one based upon the logarithm of the DNA length 
and another based upon the reciprocal of the DNA length. 
The constants used in these calculations can be chosen by 
the computer or by the user.
-Estimation of DNA size can be made with the aid of the 
Cursor Line. The size of the DNA corresponding to any band 
on the gel can be determined by placing the Cursor Line 
over the band. Both the migration distance of the band and 
the size of the DNA represented by the band appear at the 
bottom of the display.
-The migration distances of all bands, calculated to the 
nearest tenth of a centimeter, in all lanes may be viewed 
at once on the display screen.
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-Gel Summary Sheets (see APPENDIX E) may be printed which 
summarize the results and conditions of the current 
electrophoresis experiment and include a small gel graphic 
representing the resultant banding pattern. The summary 
includes a printout of the migration distances, to a 
hundredth of a centimeter, of each DNA fragment in each 
lane.
-Hard copies of the gel and banding patterns may be made in 
a variety of sizes and at a variety of resolutions.
-DNA fragment sets and running parameters may be saved for 
future use in user GEL files.
-GELSIM uses a diskette library containing over 270 
restriction digest fragment sets. These include fragments 
of many kinds of DNA digested with many more different 
restriction enzymes. These fragment sets may be easily 
loaded into the gel lanes, edited, and saved in user GEL 
files.
-The library can be viewed from beginning to end or viewed 
selectively on the basis of DNA type or restriction enzyme 
name.
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-Once a gel banding pattern is created, it is easy to 
rearrange the contents of the 8 lanes in the gel. The 
contents of a lane may be copied to other lanes, moved, 
swapped with others, or deleted. These rearrangement 
functions facilitate swift editing of the gel graphic for 
presentation purposes.
-Help is available through more than 30 context-sensitive 
pop-up help screens which provide you with concise 
information about the next required input. However, GELSIM 
is so easy to use that you will probably need the Help only 
in the beginning.
1.2 APPLICATIONS
A few of the many applications of GELSIM include:
1. The optimization of conditions for achieving 
maximum resolution during the electrophoresis 
of restriction fragments
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2. Banding pattern analysis
3. The creation of graphic computer records of 
previously run gels
4. The instruction of students in the 
fundamentals of electrophoresis
1.2.1 OPTIMIZATION OF RESTRICTION PATTERNS
The analysis of the banding patterns produced by 
restriction enzymes is one of the most important 
applications of agarose gel electrophoresis. This analysis 
is performed on a routine basis in hundreds of laboratories 
around the world. Since there are many factors which 
affect the migration of linear, duplex DNA during 
electrophoresis, it is difficult to come up with a set of 
optimal conditions for the resolution of a new set of 
fragments without resorting to a laborious and wasteful 
process of trial-and-error. A computer program such as 
GELSIM helps by allowing researchers to zero-in on the 
optimum conditions at a speed of seven seconds per run 
rather than the usual several hours per run. The waste of 
DNA sample, agarose and buffer is also reduced if gels are
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"pre-run" on GELSIM to determine in advance whether the 
electrophoretic resolution will be sufficient.
1.2.2 BANDING PATTERN ANALYSIS
Banding patterns which have been produced in the 
lab by electrophoresing a set of DNA fragments under one 
particular set of conditions can be entered into GELSIM. 
GELSIM can then produce the pattern as it would appear if a 
different set of electrophoresis conditions had been used 
instead. This feature can be of help in comparing banding 
patterns obtained under two different sets of conditions.
GELSIM can also be used to determine the sizes of 
the DNA represented by bands on the gel and to return a 
measure of the uncertainty in size associated with each 
such determination. Furthermore, GELSIM offers the user a 
choice of three different size determination methods.
1.2.3 PRODUCTION OF GRAPHIC RECORDS
Since DNA fragments may be entered into the 
Electronic Gel simply by moving a Cursor Line to the
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appropriate part of the gel and pressing the Insert key, 
AGE banding patterns may be stored with ease on your 
diskettes using GELSIM. User files containing your banding 
patterns can be retrieved and overlaid with one another to 
facilitate direct comparison between lanes which were 
originally parts of two different gels. The Gel Summary 
Sheets generated by GELSIM provide excellent printed 
records of each gel you run by recording sample names, 
running conditions and migration distances for all DNA 
fragments as well as a graphic representation of the 
gel— all on one 8.5 X 11.5 inch page! Gel graphics may, of 
course, be produced in all sizes so that transparencies or 
slides can be made from them.
1.2.4 EDUCATION
The educational applications of GELSIM are 
numerous. Students can see at a glance the effects of 
altering the voltage or gel concentration on 
electrophoresis patterns. "Electrophoretic series" of 
standards run at varying voltage or gel concentration can 
be produced for illustrative purposes. Interactions 
between two or more factors are also easily demonstrated to 
students at the computer console. GELSIM can be used by
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the instructor to generate transparencies or slides in 
preparation for lectures.
In addition, comparisons between the two 
prevalent methods of predicting DNA mobility from length 
can be made under a variety of conditions. Since the 
method used to calculate mobilities can be set 
independently for each lane, one can generate, in adjacent 
lanes, the patterns predicted by the traditional semilog 
relationship and those predicted by the reciprocal 
relationship. Such comparisons help to illustrate the role 
of molecular conformation in DNA migration and the 
difference between the migration characteristics of linear, 
duplex DNA (best approximated using a reciprocal 
relationship) and that of a globular protein (best 
approximated using a semilogarithmic relationship).
1.3 GETTING STARTED
1.3.1 COMPUTER REQUIREMENTS
To run GELSIM, you will need an IBM-PC or
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compatible computer, at least 256K of memory, and one 360K 
floppy diskette drive. GELSIM requires either a Color 
Graphics Adapter (CGA) or an Enhanced Graphics Adapter 
(EGA) with appropriate monitor. GELSIM automatically 
determines which adapter (CGA or EGA) type is installed in 
your computer and tailors its output accordingly. Almost 
any printer is sufficient to print GELSIM Gel Summary 
Sheets, however, the printer should have an IBM emulation 
mode if gel graphics are to be printed.
1.3.2 TYPOGRAPHIC CONVENTIONS
The typographic conventions to be used throughout 
this manual are listed below:
1. Key names will be printed in all capital 
letters. Hence, RETURN represents the key labeled "Return" 
(or "Enter", depending upon the keyboard) on the keyboard.
2. Text which is to be typed at the computer 
keyboard exactly as it appears in the manual will be 
enclosed in braces. Hence, (DIR) means to type the letters 
"DIR". It is assumed that the user will press the RETURN 
key after typing the text unless otherwise stated.
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3. The names of files to be found on diskettes 
will be printed in all capital letters and consist of a 
name, a period and a three letter extension. Hence, 
GELSIM.LIB refers to the file of that name on your GELSIM 
program diskette. The name of the program, GELSIM, will 
also be capitalized.
4. Words or phrases which have a special meaning 
in GELSIM will be capitalized. Hence, "Active Drive" 
refers to the current data drive and "Universal Lane" 
refers to an abstract "ninth lane" in the GELSIM gel.
1.4 THE GELSIM DISKETTES
1.4.1 THE PROGRAM DISKETTES
The GELSIM package includes two identical 
diskettes entitled "GELSIM: The Electronic Agarose Gel".
Each of the two GELSIM diskettes should contain the 
following files:
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GELSIM.EXE DEMO1.GEL DEM04.GEL DEM07.GEL
GELSIM.HLP DEM02.GEL DEMO5.GEL DEMO8.GEL
GELSIM.LIB DEM03.GEL DEMO6.GEL DEMO9.GEL
1.4.2 THE DEMONSTRATION FILES
The nine files with extension ".GEL" are 
demonstration files which may be loaded from GELSIM to 
illustrate some of GELSIM's capabilities. To use them, 
load the file using Main Menu Option 1 and return to the 
Main Menu by pressing ESCAPE. Press the Home key (be sure 
that neither the Num Lock nor the Caps Lock keys are on) to 
toggle the Universal Lane mode (see Section 2.4 for a 
detailed explanation of this mode). Toggling the Universal 
Lane mode will cause each lane in the gel to use its own 
set of running parameters— this is what is required for the 
Demo files.
Demo files 1 through 5 contain various digests of 
Lambda DNA. Each digest is run twice on the gel; once 
using the DEFAULT calculation mode and once using the LOG 
calculation mode in order to illustrate the differences in 
relative migration rates predicted using the two methods.
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Demo 6 consists of some Adenovirus Type II DNA 
(AV Type II) digests in the same format as Demos 1-5.
Demos 7 and 9 are voltage series using the Lambda
Hind III digest and the AV Type II Apa I digest
respectively. These two demos illustrate the effects of 
varying voltage on electrophoretic resolution. Note that, 
in each case, the number of volt-hours is held constant but 
the relative migration rates of the various bands change. 
Increasing voltage results in decreasing resolution since 
the voltage response of a large piece of DNA is greater 
than that of a smaller piece.
Demo 8 illustrates the effect of varying gel 
concentration on DNA separation based on the Ferguson
equation.
1.5 STARTING GELSIM
When you type {GELSIM} at the DOS A> prompt and 
press RETURN, a title screen will appear after a delay of
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about 25 seconds during which the computer reads the 
diskette and GELSIM initializes its variables. At the 
bottom of the screen you may watch an electrophoresis 
"cartoon" as it cycles through the electrophoresis of three 
common restriction digests of Lambda DNA. Pressing any key 
will erase the screen and put you into the Main Menu.
1.5.1 THE MAIN MENU AND ITS OPTIONS
Figure 1 depicts the GELSIM Main Menu screen. 
The Main Menu displays an agarose gel (item 10 in Figure 1) 
to the right and a list of eleven options to the left. The 
agarose gel displayed on the right half of the Main Menu 
screen shows the DNA banding pattern of the last gel run 
using Main Menu Option 5. If no gel has been run there is 
no banding pattern. When a gel is run, the pattern 
produced is visible on the right half of the Main Menu 
screen. In the Sections to follow, reference will be made 
to Figure 1 as the various features of the Main Menu are 
explained.
There are several ways to select an option. 
Pressing the appropriate number or function key (item 9 in 
Figure 1) will put you into one of the options directly.
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You may also move the selection arrow (item 15 in Figure 1) 
to point to the option you wish to use and then press
RETURN. Initially, the selection arrow points to Main Menu
Option 1 as above. Use the left and right arrow keys (4
and 6 on a numeric key pad) to move the selection arrow. 
Move the arrow to X and press RETURN to exit GELSIM and
return to DOS. You may also exit GELSIM by pressing "X". 
Following Figure 1 is a brief summary of the functions of 
eleven Main Menu options.
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Key to Figure 1
1. Active Drive: One of four diskette drives labeled
"A:", "B:", "C:11, or "D:". This is the diskette drive 
to which GELSIM will write and from which GELSIM will 
read data.
2. Active Lane: May be one of lanes 1 through 8 or the
Universal Lane, "U". This is the lane for which
information is displayed or the lane undergoing 
editing.
3. Animation Mode Indicator: Indicates whether DNA
migration will be animated ("A"), or instantaneous 
("*") .
4. Cursor Line Distance: This is the distance of the
Cursor Line from the top of the gel (origin of DNA 
migration).
5. DNA Size: This is the size, in kilobases, of a piece
of DNA migrating to the position of the Cursor Line 
under the conditions prevailing in the Active Lane.
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6. Dye Mode Indicator: If the Dye Mode Indicator for a
Lane Number is on then a tracking dye will be run
in that lane when the gel is run. In Figure 1, a 
tracking dye will be run only in lane 5.
7. Error Message Area: Used to display error messages;
usually blank1
8. File Window: The name of the last GEL file saved or
loaded is displayed in this window.
9. Function Key Assignment Strip: This strip lists the
Function Key assignments for the Main Menu.
10. Gel Graphic Area: This is the area in which the
agarose gel and banding pattern of the Current Gel is 
displayed.
11. Lane Number: Gives the number of each of the 8 lanes
in the gel.
12. Length of Active. Lane: This is the actual length of
the Active Lane, given in centimeters.
13. Option Number Strip: This strip indicates the selected
168
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Main Menu Option number and mimics the Function Key 
Assignment Strip mentioned above.
14. Scale Markings: These divide the gel into 20 intervals 
and are used to give approximate band migration 
distances.
15. Selection Arrow: This arrow points to the Main Menu
Option which will be exercised if the user presses 
RETURN.
16. Universal Mode Indicator: If this indicator is on
("+"), then all 8 lanes in the gel will use a common 
set of electrophoresis conditions; otherwise, each 
lane uses its own.
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1.5.2 MAIN MENU OPTION SUMMARY
Option 1: Load a Gel from Disk: Allows the GELSIM user
files, called GEL files, to be loaded from a diskette.
Option 2: Save a Gel on Disk: Allows GELSIM user files to
be saved on a diskette.
Option 3: Edit Running Parameters: Allows the alteration of 
the seven agarose-gel Running Parameters on a lane by lane 
basis or for all eight lanes as a whole.
Option 4: Edit the Sample Names/Compositions: Allows the
input of restriction fragment sizes and the assignment of 
Sample Names to the contents of the eight lanes. The 
Calculation Mode used by each lane to compute migration 
distances is also chosen here.
Option 5: Run the Current Gel: Migration distances for all
DNA fragments in all lanes are calculated based on the
Running Parameters in force. An electrophoresis banding 
pattern is displayed on the gel.
Option 6: Print Migration Distances: The fragment migration
170
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distances calculated during execution of Main Menu Option 5 
are displayed on the screen or printed on a printer.
Option 7: Rearrange Lanes: Allows the contents of
individual lanes to be deleted, moved, copied to other
lanes, or swapped with other lanes.
Option 8: Edit the Calculation Constants: Allows the
alteration of seven constants used by GELSIM to calculate 
DNA migration distances.
Option 9: Access DNA Standard Library: Allows any of 273
restriction digests within the GELSIM Library to be loaded
into lanes on the gel.
Option 10 (P) : Print Gel Graphic: This option allows a
graphic of the current gel to be printed on the printer in 
a variety of sizes and at a variety of resolutions.
Option 11 (X): Exit to DOS: Exits GELSIM and returns to the
Disk Operating System.
Each of these eleven options is discussed in 
detail in Part 3.
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PART 2: GENERAL TOPICS
2.1 GELSIM INPUT
2.1.1 INPUT LINES
Naturally GELSIM requires quite a bit of user 
input. This input may take the form of an answer to a 
question (Y/N), a number, or text. In each case, a typing 
space will be delineated on the screen by an underlined 
area. The length of this underlined area corresponds to
the length of the maximum allowable input. You cannot type
beyond the boundaries specified. If you attempt to type 
beyond these boundaries, a high or low pitched warning tone 
will sound depending upon whether you are attempting to
exceed the left (low pitch) or right (high pitch) boundary.
Because your computer has a keyboard buffer of 15 
key presses, it is possible to type ahead of GELSIM. 
Resist this temptation, since it can cause errors. If you
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hear the high pitched tone and you do not see the input 
line on the screen, you have pressed too many keys, and are 
at the end of the line. GELSIM will accept no further 
input until you clear the input line by using the BACKSPACE 
key.
You may type your response and change it using 
the BACKSPACE key prior to pressing RETURN. For the 
response to be entered, you must press RETURN.
2.1.2 INPUT WARNINGS
Responses of the wrong type (ie. numbers when 
letters are expected) will produce immediate warnings. The
four "wrong type" warnings are:
<Enter a number, please.> <Enter text,
please.> <Enter Y or N, please.> <Enter S or 
P, please.>
When a warning appears, merely enter in the
correct type of data.
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2.2 SPECIAL KEYS
The FUNCTION Keys as well as several other keys 
are use by GELSIM in special ways. The next Section will 
cover these keys and their uses.
2.2.1 FUNCTION KEYS
The function key assignments vary within the 
eleven Main Menu options. With the exception of Main Menu 
Option 5, where there is no room for assignment displays, 
these various assignments will be listed on the screen. A 
function key summary is given on the following page in 
Table 1.
2.2.2 THE ESCAPE KEY
This is the most important key used in GELSIM. 
Pressing ESCAPE at any input prompt causes GELSIM to return 
to the Main Menu. The ESCAPE key is used to return from
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Table 1: Function Keys used by GELSIM
Option 1: Load a Gel from Disk
F3: Get Directory of GEL Files on the Active Drive
F4: Get Directory of all Files on the Active Drive
F6: Toggle the Active Drive
Option 2: Save a Gel to Disk
F3: Get Directory of GEL Files on the Active Drive 
F4: Get Directory of all Files on the Active Drive 
F6: Toggle the Active Drive
Option 3: Edit the Running Parameters 
F3: Toggle the Active Lane
Option 4: Edit the Sample Names/Compositions 
F3: Toggle the Active Lane
F10: Exit Sample Name and Enter Sample Contents Editing
Option 5: Run the Current Gel
F2: Toggle the Auto Mode for the Active Lane 
F3: Toggle the Active Lane
Option 8: Edit Calculation Constants 
F3: Toggle the Active Lane
Option 9: Access DNA Standard Library 
F6: Toggle the Active Drive
F7: Enter a text string to find in the Library 
F9: Move Back One Library Page 
F10: Move Ahead One Library Page
Main Menu Options 6,7,10 and 11 have no Function Key 
assignments.
175
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
any of the eleven Main Menu options.
2.2.3 THE TAB KEY
The TAB key is used as a input-bypass key. Where
an input such as a DNA length is requested, pressing TAB
will cause the current value for the parameter in question 
to remain unchanged. This is an alternative to retyping 
the number since pressing RETURN without entering anything 
will produce a warning. The TAB key is used in the same way 
in the case of textual input.
2.2.4 THE CURSOR CONTROL KEYS
At the Main Menu, the RIGHT and LEFT cursor 
control keys are used to move the selection arrows. These 
are the #4 and #6 keys on the numeric key pad. At both the 
Main Menu and within the Main Menu Option 5, the #8 and #2
numeric key pad keys (the UP and DOWN keys) are used to
move the Cursor Line (see Section 2.6). When using these 
keys, both NUM LOCK and CAPS LOCK should be off.
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2.2.5 THE HOME KEY
The Home key is active at the Main Menu and
within Main Menu Option 5. It is used to toggle the
Universal Mode (see Sections 2.3.3 and 2.4) on and off for 
the Active Lane. When using this key, be sure that both NUM 
LOCK and CAPS LOCK are off.
2.2.6 THE PAGE-UP AND PAGE-DOWN KEYS
The Page-Up and Page-Down keys are used at the 
Main Menu and within Main Menu Option 5 to change the 
Active Lane (see Section 2.3.2). The NUM LOCK and CAPS 
LOCK states should be off when using the PAGE-UP and
PAGE-DOWN keys.
2.2.7 THE INSERT AND DELETE KEYS
The Insert and Delete keys are used at the Main 
Menu to insert bands into the gel or delete existing bands 
(see Section 2.6). Again, the NUM LOCK and CAPS LOCK 
states should be off when using these keys.
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2.2.8 THE ALT-H KEY COMBINATION
Pressing ALT-H activates a pop-up, context 
sensitive help window. The window will display information 
about the next input requested by GELSIM as well as other 
useful data.
2.2.9 THE ALT-A KEY COMBINATION
Pressing ALT-A toggles the Animation Mode. When 
animation is on, an "A" appears to the left of lane 1. 
When animation is off, the "A" is replaced by an asterisk 
("*") . The animation function allows the separation of DNA 
during AGE to be animated.
2.2.10 THE ALT-D KEY COMBINATION
Pressing ALT-D toggles the dye mode for the 
Active Lane. This mode determines whether or not a
tracking dye is run along with the DNA sample in the Active 
Lane. The ALT-D key combination is active within Main Menu 
Options 3, 5, and 8.
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2.3 STATUS INDICATORS
The second line on the screen is used by GELSIM
to display status indicators. The two primary status
indicators are the Active Drive and the Active Lane.
2.3.1 THE ACTIVE DRIVE
The Active Drive (item 1 in Figure 1) is
represented by a drive letter from A to D. This drive is
the drive to which GELSIM will write and from which GELSIM
will read information. The Active Drive letter can be
changed, where permitted (see Table 1) by pressing F6.
Toggling of the Active Drive is permitted during the
loading and saving of GEL files, during Library operations 
and within Main Menu Option 5.
2.3.2 THE ACTIVE LANE
179
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The Active Lane (item 2 in Figure 1) is
represented by a number from 1 to 8 or the letter U. 
Within Main Menu Option 5, the Active Lane is the lane for 
which Running Parameters are displayed. During the editing 
of the Running Parameters (Main Menu Option 3) or the 
Calculation Constants (Main Menu Option 8), the Active Lane 
is the lane undergoing editing. During the editing of DNA 
fragment sizes (Main Menu Option 4), the Active Lane is
also the lane to be edited. In each case above, the Active 
Lane can be toggled by pressing F3. The Active Lane may 
also be changed using the PAGE-UP and PAGE-DOWN keys at the
Main Menu and within Main Menu Option 5.
NOTE: when editing DNA fragment sizes, the Active Lane
cannot be toggled to U, the Universal Lane, since this lane 
is not a "real" lane and cannot contain samples. See 
Section 2.4 for details.
2.3.3 THE UNIVERSAL MODE INDICATOR
Just to the right of the Active Lane Indicator is 
a "+" or a this is the Universal Mode Indicator (item
16 in Figure 1). When the Universal Mode is on (+), all 
eight lanes use the Running Parameters and Calculation
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Constants specified in the Universal Lane. When the 
Universal Mode is off (-), each of the eight lanes uses its 
own Running Parameters and Calculation Constants. The 
Universal Mode may be toggled by pressing the HOME key at 
the Main Menu or within Main Menu Option 5.
2.3.4 THE DYE MODE INDICATOR
To the right of each of the numbers marking the 
eight lanes of the display gel is a Dye Mode Indicator 
(item 6 in Figure 1). When the Dye Mode is on (+), a 
tracking dye will be run along with the DNA fragments in 
the designated lane. When the Dye Mode is off (-), no 
tracking dye will be run. The Dye Mode Indicator is 
toggled for the Active Lane by pressing ALT-D within Main 
Menu Option 5 or Main Menu Option 3 (Running Parameter 
Editing). See Section 2.9 for details.
2.4 THE UNIVERSAL LANE
The Universal Lane is an abstract ninth lane in 
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the GELSIM gel. It does not contain any DNA fragments and, 
thus, is not a true lane. It does, however, store a full 
set of Running Parameters and Calculation Constants and has 
an Auto Mode (see Section 2.5.2) setting. The purpose of 
the Universal Lane is to provide an easy means of assigning 
all eight lanes the same set of Running Parameters and 
Calculation Constants. Whether the Running Parameters and 
Calculation Constants contained within the Universal Lane 
will be used in all lanes is indicated by the "+" or to 
the right of the Active Lane designator (see item 16 in 
Figure 1 to locate the Universal Mode Indicator). If the 
Universal Mode is on (+) all lanes will use the Universal 
Lane parameters. If the Universal Mode is off (-), each 
lane will use its own parameters. The Universal Mode is 
toggled from the Main Menu or from within Main Menu Option 
5 using the HOME key. A "U" as the Active Lane designator 
indicates that the parameters of the Universal Lane are 
being displayed and/or edited.
2.5 THE THREE CALCULATION MODES
GELSIM can calculate DNA migration distances 
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three ways. These three methods of calculation are termed 
Calculation Modes and designated as DEFAULT, LOG, and 
INVERSE. The Calculation Mode is set for each Gel Lane 
individually during the editing of sample names (Main Menu 
Option 4). The DEFAULT Mode calculations use equations
developed by the author of this program to derive relative
mobilities from DNA fragment sizes and voltage gradient.
The LOG Mode calculations derive relative mobilities from 
the common Log of the fragment length without regard to
voltage gradient. The INVERSE Mode calculations derive 
relative mobilities from the reciprocal of the DNA length 
but also without regard to voltage gradient.
2.5.1 CALCULATION OF MIGRATION DISTANCES
The steps in a GELSIM calculation of DNA fragment 
migration distance can be summarized as follows:
I. Calculation of Relative Mobilities
A. By DEFAULT Mode, or
B. By LOG Mode, or
C. By INVERSE Mode
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II. Adjustment of Relative Mobilities
A. For Current
B. For Ionic Strength
C. For Agarose Gel Concentration
D. For Electrophoresis Time
III. Multiplication by a Time Constant
A scaling step involving the gel length is 
included for the positioning of the bands on the screen but 
does not affect the migration distances reported by GELSIM 
within Main Menu Option 6.
The following sections will provide details 
concerning the calculation steps outlined above.
I. Relative Mobilities
A. DEFAULT Mode:
Relative mobilities are calculated in the 
DEFAULT Mode using the following equation where Mr is
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the relative mobility of a DNA fragment of length L:
Mr = SlopeT * 1/L + Intercept,. [11
Li Li
In equation 1, the Length refers to the 
length of the DNA fragment in kilobase pairs. The 
SlopeL and InterceptL both vary with voltage gradient 
and are chosen by GELSIM.
B. LOG Mode:
Relative mobilities in the LOG Mode are 
calculated using equation 2:
Mr = LogSlope * L°<j10 (L) + Loglntercept [2]
In equation 2, the Length again refers to 
the DNA fragment length in kilobase pairs. Both the 
LogSlope and the Loglntercept can be set individually 
for each lane by the user by editing the Calculation 
Constants within Main Menu Option 8 (see Section 3.8 
for information on editing the Calculation 
Constants). These constants are chosen by GELSIM if 
the Auto Mode is ON (see Section 2.5.2 for more on
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the Automatic Calibration Mode).
C. INVERSE Mode:
In the INVERSE Mode, relative mobilities 
are calculated using equation 3:
Mr = InvSlope * 1/L + Invlntercept [3]
Equation 3 is similar to equation 1 but the 
InvSlope and Invlntercept are not sensitive to the 
voltage gradient and remain the same at all voltages. 
Both the InvSlope and the Invlntercept can be set by 
the user using Main Menu Option 8, or are chosen by 
GELSIM if the Auto Mode is ON.
II. Adjustment of Relative Mobilities for:
A. Current:
The relative mobility is adjusted in a linear fashion
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with current.
B. Ionic Strength:
Mobility is adjusted as the square root of the ionic 
strength.
C. Agarose Gel Concentration:
Mobility is adjusted as in equation 4 below.
Log10 (Mob new) = Log10 (Mob Qld) + Kr * T [4]
Equation 4 is known as the Ferguson Equation. The
weight percent concentration of agarose gel is
represented as T. The retardation coefficient, Kr,
is a function of the size and shape of the DNA 
fragments as well as nature of the gel.
D. Electrophoresis Time:
Mobility is adjusted as a linear function of time.
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III. Multiplication by a Time Constant
The final mobilities are adjusted by multiplication 
by a time constant. By varying the time constant for 
a Calculation Mode, the user may calibrate the GELSIM 
Electronic Gel to his own gel system. The three time 
constants can be set by the user using Main Menu 
Option 8. These constants are NOT adjusted by GELSIM 
when the Auto Mode is ON.
2.5.2 AUTOMATIC CALIBRATION
The Automatic Calibration Mode function (Auto 
Mode) causes GELSIM to chose the slopes and intercepts for 
equations 2 and 3 (Calculation Modes LOG and INVERSE) based 
on the results of DEFAULT Mode calculations. When the Auto 
Mode is ON, the INVERSE Mode will produce approximately the 
same banding pattern as the DEFAULT Mode. The LOG Mode 
banding patterns will never be exactly the same as those 
produced by the DEFAULT Mode, but when the Auto Mode is ON, 
the two banding spectra will coincide roughly.
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The Auto Mode function works by choosing LOG Mode 
and INVERSE Mode Calculation Constants so that 1 KB and 20 
KB fragments of DNA have the same mobilities as those 
calculated in a DEFAULT Mode calculation. This is 
equivalent to a "two-point" linear calibration to the 
DEFAULT Mode. Once the new constants are chosen by GELSIM, 
they remain in effect until they are changed by the user or 
again by GELSIM. A new set of running constants may be 
loaded from disk using the [/C] filename switch without 
affecting the current DNA samples or Running Parameters. 
See Section 3.1 for more on filename switches. The Auto 
Mode for the Active Lane can be toggled from within Main 
Menu Option 5 by pressing F2 or within Main Menu Option 8 
(Editing of Calculation Constants) where an Auto Mode value 
of "0" corresponds to "Auto Off" and a value of "1" 
corresponds to "Auto On".
2.6 THE CURSOR LINE
When you are in the Main Menu or within Main Menu 
Option 5, two numbers will appear at the bottom of the 
screen. Initially, these numbers will be 0.06:10 for CGA
189
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
users and 0.03:10 for EGA users. The left most number 
refers to the position of the Cursor Line (item 4 in Figure 
1) on the gel image on the right half of the screen. The 
number to the right of the colon refers to the length of 
the Active Lane (item 12 in Figure 1). For example, the 
numbers "5.55:10" indicate that the length of the active 
lane is 10 centimeters while the Cursor Line is 5.55 
centimeters down the gel.
2.6.1 ESTIMATION OF DNA MIGRATION DISTANCES
The Cursor Line extends all the way across the 
gel and may be moved up and down from the Main Menu or 
within Main Menu Option 5 using the UP and DOWN cursor 
control keys (#8 and #2 on a numeric key pad). The Cursor 
Line is visible at the edges of the gel near the scale 
markings but may be somewhat difficult to see over the body 
of the gel on a CGA monitor. When the Cursor Line comes 
into contact with a band on the gel, it will invert the 
usual positive image and the band will appear in black 
rather than white. When a particular band is marked in 
this way, its migration distance is indicated by the two 
numbers described above. Remember that if all the lanes on 
the gel are not of the same length (the length of each lane
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may be adjusted independently of all the others), it may be 
necessary to change the active lane to the lane containing 
the band of interest to get the correct migration distance.
Using the Cursor Line it is possible to determine 
the migration distance of any band which is displayed to 
the nearest l/100th of a centimeter. To learn the 
migration distance for all bands in the lane whether they 
have run off the gel or not, use Main Menu Option 6 to
display the migration distances of all fragments on the
screen or print a Gel Summary Sheet on the printer.
2.6.2 ESTIMATION OF DNA SIZE
At the same time as migration distances are 
displayed, so are DNA sizes. To the right of the migration 
distance display, is a DNA Size display (item 5 in Figure 
1) in which the size of a piece of DNA migrating to the 
Cursor Line position in the Active Lane is given in
kilobases. The accuracy of this figure is limited by the 
resolution of the computer display. By moving the Cursor 
Line up one screen line, and down one screen line from a 
position of interest on the gel, it is possible to
determine the uncertainty in the size estimates for bands
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in that region of the gel.
2.6.3 INSERTING AND DELETING DNA BANDS
The Cursor Line may also be used to insert or 
delete DNA bands from the Electronic Gel. To insert a band 
of DNA in lane 4, for instance, requires the following 
steps:
1. Make lane 4 the Active Lane using the Page-Up 
or Page-Down key.
2. Move the Cursor Line to the appropriate 
position on the gel.
3. Press the INSERT key.
The process for deleting a DNA band is identical 
to that for inserting a band until step 3 where the DELETE 
key is pressed instead. Deleted bands show up black on the 
screen to indicate where deletions have occurred.
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2.7 GEL FILES
The files loaded and saved to disk by GELSIM bear 
the extension ".GEL” and are called GEL files. These are 
the files in which users can save their own data and 
running conditions. For a discussion of the structure of 
GEL files see APPENDIX B.
GEL files store all the information needed to 
reproduce a gel using GELSIM. This information includes 
DNA fragment sizes (30 per lane), Running Parameters, 
Calculation Constants, and Auto Mode settings for all eight 
lanes as well as the Universal Lane.
When a GEL file is stored, all the information 
outlined above is written to the diskette. However, when a 
GEL file is loaded, seven switches which are appended to 
the end of the filename may be used to load only certain 
data, such as the Running Parameters, from the file. See 
Section 3.1.4 for details concerning the use of filename 
switches.
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2.8 ANIMATION
Normally, when the current gel is run using Main 
Menu Option 5, GELSIM performs its calculations and 
displays the final positions of all the DNA fragments on 
the gel image on the right half of the screen. Although 
this display provides most of the information usually 
obtained through an electrophoretic separation, there may 
be instances in which it is desirable to observe the 
separation in progress. In these cases GELSIM's animation 
option can be exercised. By default, GELSIM does not 
animate the separation process. To turn animation on, 
press Atl-A (see Section 2.2.9). When animation is toggled 
on, an "A" appears just to the left of lane 1 (see item 3 
in Figure 1). Pressing Atl-A again will cause the "A" to 
be replaced by an asterisk ("*").
The animated separation is performed on each lane 
individually beginning with lane 1. To pause during the 
animation, press any key. To resume the animation press 
any key but ESCAPE; pressing ESCAPE during the pause will 
end the animation and return you to Main Menu Option 5. If 
the animation is aborted, the DNA sizes returned using the 
Cursor Line will be based upon the full run time specified
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in the running parameters. Hence, the gel must be allowed 
to run to completion if the DNA sizes calculated by GELSIM 
are to be used to analyze the banding pattern.
2.9 THE MARKER DYE
Any or all of the eight gel lanes can contain a 
marker dye. If a lane contains a marker dye, a "+" appears 
to the right of the lane number above the gel (see item 6 
in Figure 1). Otherwise, a appears to the right. When 
a gel is run (Main Menu Option 5) and marker dyes have been 
activated, the marker shows up in reverse video and 
migrates down the lane at a speed appropriate to the 
running conditions. Naturally, the migration is several 
orders of magnitude faster than that observed during actual 
electrophoresis! Since the dye appears as a black band 
while the DNA fragments appear as light bands and are 
printed after dye migration, it is impossible for the dye 
to obscure any bands. The marker dye may be useful for 
calibrating the Electronic Gel system.
Pressing ALT'-D within Main Menu Option 5 or 
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parameter editing (Main Menu Option 3), or Calculation 
Constant editing (Main Menu Option 8), toggles the Dye 
ON/OFF for the Active Lane.
2.10 THE CONTEXT-SENSITIVE HELP
At any input line, pressing ALT-H will activate a 
Help Window in the upper right hand corner of the screen. 
A brief context-sensitive help message will appear to 
provide information on the next input requested by GELSIM. 
Some help messages may be several windows long. To read 
the next page of these longer messages, press {M} for More. 
To return to GELSIM, merely press the space bar. The file 
GELSIM.HLP must be present on the diskette in the Active 
Drive in order to use the Help Window.
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PART 3: DETAILED DESCRIPTIONS OF THE MAIN MENU OPTIONS
3.1 OPTION 1: LOADING A FILE FROM DISK
Main Menu Option 1 allows GEL files to be loaded 
from a diskette. These files contain the values of the 
Running Parameters, Calculation Constants, the Calculation 
Modes, Sample Names, and DNA fragment sizes which were in 
use when the file was saved. See Section 2.7 and APPENDIX 
B for more details.
3.1.1 FILENAMES
You must specify the name of a file to load. 
Enter a name composed of eight or fewer characters. Valid 
characters for filenames include letters, numbers and the 
following special symbols; !, 0, #, $, %, ", &, (, ), _, -, 
{, }, ~. The case of letters is unimportant. Do not
include blank spaces within the filename. When entering
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the filename, use the BACKSPACE key to erase erroneous 
characters.
You need not specify a drive letter or an
extension. GELSIM automatically looks for the file on the 
Active Drive and supplies its own extension of ".GEL". If 
you do supply a drive letter or extension, it will be
ignored.
The last GEL file loaded or saved is indicated in
a File Window (see item 8 in Figure 1) in the Main Menu
display.
3.1.2 DIRECTORY SEARCHES
Directory searches can be performed on the Active 
Drive in two ways. Pressing F3 produces a list of GEL 
files on the diskette in the Active Drive. If no GEL files 
exist, a "FILE NOT FOUND" message is displayed. Pressing F4 
produces a list of all the files on the diskette in the 
default drive. A "FILE NOT FOUND" message is also displayed 
here if no files are found. If a "FILE NOT FOUND" message 
is displayed, merely press the space bar and try again with 
the correct diskette.
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3.1.3 TOGGLING THE ACTIVE DRIVE
Pressing F6 cycles through drive letters A-D, 
making each drive, in turn, the Active Drive. Drives A and 
B will usually be 5.25 inch floppy drives. Drives C and D 
will usually be either hard or virtual drives.
3.1.4 FILENAME SWITCHES
Gel files need not be loaded in their entirety by 
GELSIM. The data which is loaded as well as how it is 
loaded can be specified by using a Filename Switch. The 
switch is composed of a slash symbol, "/" followed 
immediately by a single letter. Letter case is not 
important. There are seven switches recognized by GELSIM:
/P [P]arameters only: This switch instructs GELSIM
to load only the Running Parameters from the GEL 
file in question. The Running Parameters 
specified in the GEL file for the eight gel lanes 
as well as the ninth Universal Lane are read into 
memory.
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/C [C]onstants only: This switch instructs GELSIM to
load only the Calculation Constants from the GEL 
file in question. Calculation Constants are 
loaded for all eight gel lanes as well as the 
Universal Lane.
/S [S]amples only: This switch instructs GELSIM to
load only DNA fragment sizes, Sample Names and 
Calculation Modes from the GEL file in question. 
Data for all eight gel lanes is loaded.
/R [R]unning Parameters and Samples: This switch
instructs GELSIM to perform both the /P and the 
/S loads simultaneously.
/B [B]oth Running Parameters and Calculation
Constants: This switch instructs GELSIM to
perform both the /P and /C loads simultaneously.
/K [K]alculation Constants and Samples: This switch
instructs GELSIM to perform both the /C and /S
loads simultaneously.
/0 [0]verlay File: This switch instructs GELSIM to
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load data from the GEL file in question into 
blank lanes in the Current Gel. Running 
Parameters, Calculation Constants, Sample Names, 
Calculation Modes and DNA fragment sizes are 
loaded. Lane data from the GEL file is loaded 
only if the corresponding lane in the Current Gel 
contains no DNA fragments (ie., all fragment 
sizes are zero). The Universal Lane Running 
Parameters and Calculation Constants are also 
loaded from the specified GEL file and overwrite 
those of the Current Gel. See Section 3.1.5 
below.
Only one switch may be appended to the filename. 
If no switch is added, all data is loaded from the
specified GEL file and the current data, will be 
overwritten in GELSIM1s memory. When the data file is 
loaded, a list of the types of data loaded is displayed
also. If, for instance, a GEL file is loaded with the "/P" 
switch appended {GELFILE/P}, the message "Running
Parameters LOADED" will be displayed.
3.1.5 GEL FILE OVERLAYS
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Once a GEL file is loaded into memory, another 
file can be loaded, using the "/O" switch, to produce an 
amalgam of the two, or an overlay. Empty lanes in the 
first file loaded are filled with the contents of the 
corresponding lanes in the second file. File overlaying 
permits the merging of GEL files because the product of an 
overlay can then be saved under a separate filename. When 
coupled with the lane rearranging functions of Main Menu 
Option 7 (see Section 3.7) file overlaying can become a 
powerful file editing tool.
202
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.2 OPTION 2: SAVING A FILE ON DISK
Main Menu Option 2 allows GEL files to be saved 
on a diskette. These files contain the values of the 
Running Parameters, Calculation Constants, Calculation 
Modes, Sample Names, and DNA fragment sizes which are in 
use when the file is saved. See Section 2.7 and APPENDIX B 
for more details.
3.2.1 FILENAMES
You must specify a filename under which to save 
the data. Enter a name composed of eight or fewer 
characters. Valid characters for filenames include letters, 
numbers and the following special symbols; !, 0, #, $, %,
", &, (, ), _, -, {, }, -. The case of letters is
unimportant. Do not include blank spaces within the 
filename. When entering the filename, use the BACKSPACE 
key to erase erroneous characters.
You need not specify a drive letter or an 
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extension. GELSIM automatically saves the file on the 
diskette in the Active Drive and supplies its own extension 
of ".GEL". If you do supply a drive letter or extension, 
it will be ignored.
3.2.2 WHAT IF THE FILE ALREADY EXISTS?
If the filename you specify corresponds to a file 
that already exists on the diskette in the Active Drive, 
GELSIM will issue you a warning and ask you if you wish to 
overwrite the existing file. Answer {N} and enter a new 
filename if you do not wish to overwrite the file. If you 
answer {Y}, GELSIM will overwrite the file with the Current 
Gel data and any data in the old file will be lost.
3.2.3 DIRECTORY SEARCHES
Directory searches can be performed on the Active 
Drive in two ways. Pressing F3 produces a list of GEL 
files on the diskette in the Active Drive. If no GEL files 
exist, a "FILE NOT FOUND" message is displayed. Pressing 
F4 produces a list of all the files on the diskette in the 
default drive. A "FILE NOT FOUND" message is also issued
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here if no files are found. If a "FILE NOT FOUND" message 
is displayed, merely press RETURN and try again with a 
diskette which contains, the type of file you are seeking.
3.2.4 TOGGLING THE ACTIVE DRIVE
Pressing F6 cycles through drive letters A-D, 
making each drive, in turn, the Active Drive. Drives A and 
B will usually be 5.25 inch floppy drives^ Drives C and D 
will usually be either hard or virtual drives.
3.2.5 FILENAME SWITCHES?
There are no Filename Switches to use when saving 
a GEL file. All data for all lanes, including the
Universal Lane, is saved. See Section 3.1.4 for more on 
Filename Switches.
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3.3 OPTION 3: EDITING THE RUNNING PARAMETERS
GELSIM allows the seven Running Parameters to be 
adjusted for each of the eight lanes on the gel or for all 
eight lanes as a whole. If the Universal Mode toggle 
switch is on (+), then the Running Parameters of the 
Universal Lane will be used by all eight lanes. If the 
Universal Mode toggle switch is off (-), then each lane 
uses its own Running Parameters. To edit the Running 
Parameters for an individual lane or the Universal Lane, 
the lane to be edited must first be made the Active Lane. 
Pressing F3 changes the Active Lane. See Section 2.3.1 for 
more information about the Active Lane.
The following is a description of each of the 
parameters used by GELSIM to compute migration distances.
3.3.1 VOLTAGE
GELSIM accepts Voltages in the range of 1 to 500. 
If GELSIM is operating in the DEFAULT Calculation Mode,
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high Voltages will result in a loss of fragment resolution. 
Calculation Modes LOG and INVERSE do not show any change in 
fragment resolution with changing Voltage unless they are 
linked to the DEFAULT Mode using the Automatic Calibration 
function. See Section 2.5.2 for details. The Voltage per 
se is not important, but the Voltage Gradient is. The
Voltage Gradient is the Voltage divided by the electrode 
Separation and is displayed under GRADIENT within Main Menu 
Option 5. The default Voltage is 30.0.
3.3.2 CURRENT
The Current is displayed when a gel is run but
cannot be controlled directly. Any desired Current may be 
produced by manipulating the Voltage and Ionic Strength in 
concert.
3.3.3 PERCENT AGAROSE
The Percent Agarose is the agarose gel
concentration expressed as a weight percent and may vary 
from 0.1 to 5. This range exceeds the normal limits on
both ends and the results of using extreme values are often
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interesting. The default value is 1.0.
3.3.4 IONIC STRENGTH
The Ionic Strength refers to the ionic strength 
of the running buffer. The Ionic Strength is a
dimensionless quantity and may range from 0.001 to 0.1. the
default value is .053.
3.3.5 TIME
The electrophoresis Time is measured in hours. 
The permissible range is from 0.1 to 200.0 hours. The 
default value is 10 hours.
3.3.6 SEPARATION
The Separation is the distance, measured in
centimeters, between the anode and cathode of the
electrophoresis apparatus. Adjusting this parameter allows 
GELSIM to better approximate the performance of individual 
electrophoresis systems. The separation is used in the
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calculation of voltage gradient. Permissible values range 
from 6.0 to 46.0 centimeters. The default value is 12.7 
centimeters.
3.3.7 GEL LENGTH
The Gel Length is the length of the gel. It must 
be less than or equal to the electrode Separation. 
Allowable lengths range from 6.0 to 46.0 centimeters. If 
the electrode Separation is set to a value below that of 
the Gel Length (ie. the electrodes are embedded somewhere 
in the gel!), GELSIM adjusts the Gel Length to the 
electrode Separation. The default is 10 centimeters.
3.3.8 HOW TO EDIT THE RUNNING PARAMETERS
Running Parameter input consists of numbers. 
Text is not accepted. Editing begins at the first 
parameter and moves downward as successive parameters are 
edited. To leave a parameter unchanged and move on to the 
next, press TAB. To change a number which you have typed 
but have not yet entered, use the BACKSPACE key. As 
mentioned above, pressing F3 changes the active lane. To
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return to the Main Menu, press ESCAPE.
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3.4 OPTION 4: EDITING THE SAMPLE NAMES AND LENGTHS
Choosing Main Menu Option 4 allows the editing of 
the Sample Names, Calculation Mc-ies, and Lane Contents for 
each of the eight lanes. The editing is a two part process 
with the Sample Names and Calculation Modes edited 
together, followed by the Lane Contents.
3.4.1 SAMPLE NAMES AND CALCULATION MODES
Each of the eight lanes can be assigned a label 
called the Sample Name. Sample Names may consist of up to 
20 characters. Any character which can be generated 
directly from the keyboard may be included. If a Sample 
Name is not assigned by the user, GELSIM assigns a default 
Sample Name of the form "Sample Number #" where # is the 
lane number. GELSIM also assigns a default Sample Name in 
the case that a lane's contents are deleted by the user. 
Restriction digests loaded from the GELSIM Library have 
names of the form "DNA Type: Restriction Enzyme".
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The Calculation Mode can be set individually for 
each lane and may be one of three modes, DEFAULT, LOG or 
INVERSE. The DEFAULT Mode uses equations developed by the 
author of this program to calculate migration distances. 
The LOG Mode assumes a logarithmic relationship between DNA 
length and mobility. The INVERSE Mode assumes an inverse 
relationship between DNA length and mobility. See Section
2.5 for a detailed discussion of how GELSIM calculates 
migration distances.
The Calculation Mode is set for a lane by typing 
in the name of the desired mode (DEFAULT, LOG, INVERSE). 
Only the first letter of the Mode designator need be typed 
and letter case is unimportant.
Press TAB to move to the next entry line without 
changing anything. Press F10 to begin editing the lane 
contents when Sample Name and Calculation Mode editing are 
complete. Press ESCAPE to return to the Main Menu.
3.4.2 EDITING OF LANE CONTENTS
Upon entry into the DNA Lane Contents editor, 
editing begins on the Active Lane if the Active Lane is one
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of the eight "real" lane. If the Active Lane is U (See 
Section 2.4), then editing begins with lane 1. To change 
lanes while editing, press F3. Note that the name of the 
sample to be edited appears in the upper left hand corner 
of the display while the lane number appears in the upper 
right hand corner.
The fragment sizes are entered in base pairs and 
may vary from 1 to 999999 base pairs. Press TAB to move 
down to the next fragment number without changing anything.
NOTE: During calculation under Main Menu Option 5, GELSIM
ends calculation for a lane with the first fragment of 
length zero base pairs. Thus fragment lengths should be 
entered consecutively and should not be separated by 
fragments of length zero (0). Intervening "zero length" 
fragments can be removed from a lane's contents by sorting 
(see Section 3.4.3 below).
3.4.3 SORTING FRAGMENT LENGTHS
The fragment lengths may be sorted from high to 
low or low to high. Pressing the UP arrow key (#8 on a 
numeric key pad) sorts the fragment lengths of the Active
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Lane from high to low while pressing the DOWN arrow key (#2 
on a numeric key pad) sorts from low to high. The sorting 
of fragments determines the order in which migration 
distances are printed on the Gel Summary Sheet (see Section
3.6.2 for more).
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3.5 OPTION 5: RUNNING THE CURRENT GEL
From the Main Menu, choosing Main Menu Option 5 
runs the Current Gel. GELSIM first displays the Running 
Parameters of the Active Lane, the Sample Names and 
Calculation Modes on the left hand side of the screen. 
GELSIM then calculates the migration distances of all
fragments in all lanes, and displays the resultant banding
pattern on the gel which occupies the right hand side of
the screen. During the calculation phase, which usually 
lasts fewer than 8 seconds, the number of the lane for 
which GELSIM is performing calculations appears in the 
"Busy on Lane: " box.
The distances from the origin of electrophoresis
(the top of the screen gel) of the various bands can be 
estimated by using the calibration markings along each side 
of the gel or, more accurately, by using the Cursor Line 
(see Section 2.6.1). If the Gel Length is 10 centimeters 
(the default value), then each long mark corresponds to one 
centimeter while each shorter mark represents a half a 
centimeter. To see the migration distances for all bands,
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including those which may have run off the gel, return to 
the Main Menu and select Main Menu Option 6.
After the banding pattern has been generated on 
the gel, pressing the ESCAPE key will put you back in the 
Main Menu. Prior to pressing the ESCAPE key however, 
several options are available. Pressing HOME toggles the 
Universal Mode. Pressing F2 toggles the Auto Mode for the 
Active Lane. Pressing ALT-D toggles the dye on or off in 
the Active Lane. Pressing PAGE-UP of PAGE-DOWN changes the 
Active Lane and pressing F6 toggles the Active Drive. The 
animation option may be activated at this point by pressing 
ALT-A (the gel must then be rerun to see the animation) and 
help is availaible by pressing ALT-H.
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3.6 OPTION 6: PRINTING THE MIGRATION DISTANCES
Main Menu Option 6 prints the migration distance 
of each DNA fragment in each lane. The distances are 
measured in centimeters. You will be prompted to press {S} 
o r {P} (S/P) to specify the output device; {S} specifies
the screen while {P} specifies the printer and instructs 
GELSIM to produce a Gel Summary Sheet.
NOTE: Before any migration distances can be displayed,
GELSIM must run the Current Gel (Main Menu Option 5) since 
this is when the calculations are performed. Entering 
fragment sizes and immediately trying to print migration 
distances will result in no output whatsoever.
The following sections discuss the two types of
output.
3.6.1 SCREEN OUTPUT
The migration distances, in centimeters, of the
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DNA fragments in each lane are displayed in columns of 15 
distances each. Hence, there are two columns per lane. 
Migration distances are rounded to the nearest tenth of a 
centimeter. Migration distances which are in excess of 99 
centimeters are printed as ">99". Pressing the space bar 
causes a return to the S/P prompt. Pressing ESCAPE then
causes a return to the Main Menu.
3.6.2 PRINTER OUTPUT: GEL SUMMARY SHEETS
Choosing the {P} option instructs GELSIM to print 
a Gel Summary Sheet for the Current Gel. Included are the 
Running Parameters and Calculation Constants of the Active 
Lane, the Sample Names and Calculation Modes of non-empty
lanes as well as the migration distances of the DNA
fragments contained within them. Migration distances are 
printed in the order in which the fragments corresponding 
to them were entered. By sorting the fragment lengths, it 
is possible to control the printing order (see Section
3.4.3 for more).Because there is more room on a printed 
page than a screen page, migration distances are carried 
out another decimal place. Migration distances which are 
in excess of 99 centimeters are printed as ">99". The 
printout fills one 8.5 by 11.5 inch page.
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A small 2 by 2 inch graphic of the Current Gel
may be included in the upper left hand corner of the Gel
Summary Sheet by responding {Y} at the "Print Gel Graphic?" 
prompt. To skip the graphic, answer {N}. To print the
graphic, you must have either an IBM printer or a printer
with an IBM emulation mode.
Remember that the PRINTER MUST BE ON AND ONLINE 
to print the migration distances! Should you attempt to 
print without having first put the printer online, merely 
put the printer online. If the printer is not put online 
within about 30 seconds, then GELSIM will issue a "DEVICE 
TIMEOUT" error message. Press RETURN to go back to the 
Main Menu where you may choose Main Menu Option 6 again.
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3.7 OPTION 7: REARRANGING THE LANE CONTENTS
Main Menu Option 7 facilitates shuffling the 
contents of the eight lanes around. Lane contents may be 
Deleted, Moved, Copied, or Swapped with one another. The 
contents of all eight lanes may also be erased with a 
keystroke. The operations discussed below act only on the 
Sample Names, Fragment Sizes and Calculation Modes; Running 
Parameters, Calculation Constants, and Auto Mode settings 
are not affected.
Below is a summary of the lane editing commands 
available from within Main Menu Option 7.
3.7.1 COMMAND SUMMARY
[N]ew: The New command deletes every fragment from every
lane in the gel. It may be used to clear the gel 
prior to loading digests from the Library. The 
NEW command can be shortened to {N}. This
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command also causes GELSIM to redraw the gel. 
Example: to clear the entire gel, type {N}.
[D]elete: The syntax of the Delete command is D#. The 
entire word "Delete" cannot be spelled out. The 
# sign refers to a lane number between 1 and 8. 
This command deletes the contents of the 
specified lane. Example: to Delete the contents
of lane 5, type {D5}.
[M]ove: The syntax of the Move command is M#l,#2. The
entire word "Move" cannot be spelled out. The 
parameter #1 is the number of the lane to be 
moved and the second parameter is the number of 
the destination lane. Both parameters must fall 
between 1 and 8. At the conclusion of the Move, 
the source lane is blank (as in the Delete 
operation above), while the destination lane 
contains the former contents of the source.
Example: to Move the contents of lane 2 to lane
3, type {M2,3}.
[C]opy: The syntax of the Copy command is C#l,#2. The
entire word "Copy" must not be spelled out. The 
first parameter is the number of the lane to be
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copied while the second is the destination lane. 
Lane numbers must be between 1 and 8. At the 
completion of the Copy process, both the source 
and destination lanes contain the same DNA 
fragments. Example: to Copy the contents of lane 
6 to lane 8, type {C6,8}.
[S]wap: The syntax of the Swap command is S#l,#2. The
entire word "Swap" must not be spelled out. The 
two numbers represent the lanes whose contents 
are to be exchanged and must be between 1 and 8. 
Example: to Swap the contents of lanes 1 and 3,
type {SI,3}.
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3.8 OPTION 8: EDITING THE CALCULATION CONSTANTS
GELSIM allows seven Calculation Constants to be 
adjusted for each of the eight lanes on the gel or for all 
eight lanes as a whole. If the Universal Mode toggle 
switch is on (+), then the Calculation Constants of the 
Universal Lane will be used by all eight lanes. If the 
Universal Mode toggle switch is off (-), then each lane 
uses its own individual Calculation Constants. To edit the 
Calculation Constants for an individual lane or the 
Universal Lane, the lane to be edited must first be made 
the Active Lane. Pressing F3 changes the Active Lane. See 
Section 2.3.2 for more information about the Active Lane.
3.8.1 CALCULATION CONSTANT EDITING
Calculation Constant input consists of numbers. 
Text is not accepted. Editing begins at the first constant 
and moves downward as successive constants are edited. To 
leave a constant unchanged and move on to the next, press 
TAB. To change a number before entering it, use the
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BACKSPACE key. As mentioned above, pressing F3 changes the 
Active Lane. To return to the Main Menu, press ESCAPE. 
For more on the significance of each of the seven 
Calculation Constants, see Section 2.5 as well as Section
3.8.2 below.
3.8.2 THE CALCULATION CONSTANTS
The following is a summary of GELSIM's seven 
calculation constants.
The DEFAULT Mode Time Constant
The DEFAULT Mode Time Constant is used to 
adjust the migration distances calculated using the 
DEFAULT Mode to conform closely with those observed for 
various real gel systems. This constant may range from 
0.1 to 5.0.
The Log Slope
This constant is merely the slope of linear
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equation 2 (see Section 2.5.1). Its value affects the
LOG Mode calculations and may range from -50 to 50.
The Log Intercept
This constant is the intercept of linear
equation 2 (see Section 2.5.1). Its value affects the
LOG Mode calculations and may vary from -100 to 100.
The Log Time Constant
This is the LOG Mode analog of the DEFAULT 
Mode time constant and also may vary from 0.1 to 5.0.
The Inverse Slope
This constant is merely the slope of linear 
equation 3 (see Section 2.5.1). Its value affects the 
INVERSE Mode calculations and may range from -50 to 50.
The Inverse Intercept
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This constant is the intercept of linear 
equation 3. Its • value affects the INVERSE Mode 
calculations and may vary from -100 to 100.
The Inverse Time Constant
This is the INVERSE Mode analog of the
DEFAULT Mode time constant and also may vary from 0.1
to 5.0.
3.8.3 THE AUTO MODE
The Auto Mode for the Active Lane may be set 
within Main Menu Option 8 also and is listed as Calculation 
Constant number eight. The Auto Mode may be either 0, in 
which Automatic Calibration is OFF, or 1, in which case
Auto Calibration is ON. For more on the Auto Mode, see
Section 2.5.2.
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3.9 OPTION 9: THE STANDARD LIBRARY
On your GELSIM diskette is a Library of 273 
restriction enzyme digests of various DNAs. APPENDIX C 
gives a full listing of the library contents. By choosing 
Main Menu Option 9, any of these digests may be loaded into 
the Electronic Gel, run, edited and saved in a GEL file. 
Although the Library may be viewed a page at a time, at 33 
digests per page, GELSIM provides a searching function
which allows the user to screen the Library by DNA type or
restriction enzyme name. To use the Library, the file 
GELSIM.LIB must be present on the diskette in the Active 
Drive. Should GELSIM.LIB not be on the diskette in the
Active Drive, a "Library Not Found" message will be
displayed. In that case, press any key to return to the
Main Menu. To change the Active Drive, press F6.
3.9.1 PAGING THROUGH THE LIBRARY
The two function keys, F9 and F10 are the paging
keys. Press F9 to page backwards and F10 to page forward.
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Attempts to page beyond the beginning or end of the Library 
will produce a warning tone.
3.9.2 SEARCHING BY DNA TYPE OR RESTRICTION ENZYME NAME
Pressing the F7 key allows the entry of a search 
string called the Key. The Key may be up to 10 characters 
long but only a single character may be necessary. Letter 
case is unimportant. The search Key will appear in the 
upper right hand corner of the screen for reference. If 
there is no Key, then the words "No Key" will be printed. 
GELSIM will search for an exact match between the Key and 
the left most portions of both the DNA types and 
restriction enzyme names and display the matches. The 
search pauses when one screen page of 33 digests is 
displayed; pressing F7 again continues the search while 
pressing F9 or F10 turns searching off. At the conclusion 
of a search, when no match is found, a "Search Complete" 
message will appear on the screen. If no names are in the 
display window, then no match was found.
3.9.3 LOADING DIGESTS INTO LANES
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Upon accessing the Library function, you are 
requested to enter a digest number. Once you have located 
the digest you wish to load, enter the Index Number to the 
left of the digest name to load it. You will then be 
requested to enter the number of the lane into which you 
wish to load the digest. This process may be repeated as 
many times as desired.
It is possible to load more than one sample from 
the Library into a single lane. To do this, simply load a 
new sample into a lane containing a previously loaded 
sample. This previously loaded sample may be one loaded 
from the Library or from one of your own GEL files. GELSIM 
will load as many fragments from the new file as will fit 
into the lane. The limit is 30 fragments per lane. GELSIM 
loads the fragments from first fragment to last fragment. 
The fragments in the GELSIM Library are pre-sorted from 
largest to smallest. See Section 3.4.3 for more details on 
sorting.
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3.10 OPTION 10: PRINTING A GEL GRAPHIC
A graphic of the Current Gel can be printed on 
the printer in a variety of sizes and resolutions. 
Exercising this option requires that you have an IBM 
printer or a printer with an IBM emulation mode. When you 
choose this option, you will be asked to specify the three 
parameters discussed in the following sections.
3.10.1 THE X-SCALING FACTOR
The X-Scaling Factor [1,2,3 or 4]: The width of
the gel graphic, in inches, is twice the X-Scaling factor. 
Hence, a factor of 4 produces a graphic which is 8 inches 
wide; a factor of 1 produces a graphic 2 inches wide. 
Fractional X-Scaling factors are not allowed.
3.10.2 THE Y-SCALING FACTOR
The Y-Scaling Factor [2-10]: The length of the
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gel graphic, in inches, is equal to the Y-Scaling Factor. 
The Y-Scaling Factor may be between 2 and 10 inches and may 
be specified to the nearest tenth of an inch.
3.10.3 THE GRAPHIC RESOLUTION
The Graphic Resolution [4-108]: The gel graphic
may be printed at resolutions of from 4 to 108 lines per 
inch. A gel graphic which is 2 inches long requires a 
resolution factor of 48 to equal the resolution of a CGA 
computer screen. A resolution factor of 84 is required to 
match EGA resolution in a 2 inch long graphic.
Doubling a graphic's length, doubles its 
resolution even if the resolution factor remains constant. 
Thus, it is possible to achieve a much higher resolution on 
the printer than is possible on the video screen.
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3.11 OPTION 11: EXITING GELSIM
To exit GELSIM and return to DOS, chose Main Menu 
Option 11 by typing {X} followed by RETURN. You will be 
asked whether you have saved all the data that you wish to 
save. If you have, answer {Y}. If not, answer "N" to go 
back to the Main Menu. If you respond {Y}, GELSIM will end 
and you will return to DOS.
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APPENDIX A: GELSIM ERROR MESSAGES
The following is a list of error messages 
delivered by GELSIM along with some suggestions for dealing 
with the errors. When an error message is displayed, press 
RETURN to continue.
1 A DEVICE FAULT ERROR HAS OCCURRED
This usually indicates that the printer is not On 
Line. Put the printer On Line and press RETURN.
2 AN OUT OF PAPER ERROR HAS OCCURRED
The printer has run out of paper. Refill it and 
press RETURN.
3 *FILE NOT FOUND*
If the error occurs during the loading of a GEL file, 
then the file which GELSIM was attempting to load 
does not exist on the diskette in the active drive. 
Change the active drive by pressing F6 and try again. 
If this error occurs during an F3 directory search,
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it indicates that there are no GEL files on the 
diskette in the active drive. If the error occurs 
during an F4 directory search, it indicates that 
there are no files of any kind on the diskette in the 
active drive.
4 *DISK FULL*
The diskette is full. No new files can be written 
onto it. To save a any more GEL files, you must 
replace the diskette with a new, formatted diskette.
5 A DEVICE UNAVAILABLE ERROR HAS OCCURRED
The device which GELSIM has attempted to use does not 
exist. Make sure the active drive really exists. If 
necessary, change the active drive by pressing F6. 
If GELSIM was attempting to print, make sure the 
printer is hooked up and On Line.
6 *DISK WRITE PROTECTED*
The diskette to which GELSIM was attempting to write 
has a write protect tab installed. If you wish to
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write to this diskette, the tab must first be 
removed. Make sure you really want to write to this 
diskette!
7 *DISK NOT READY*
There is either no diskette in the drive which GELSIM
was trying to use, or the door is open. Correct the
problem and try again.
8 *BAD FILE NAME*
The filename you specified contains one or more 
illegal characters. Letters, numbers and the 
following special characters are legal:
Other characters, 
including blank spaces, are illegal.
9 ** Library File Not Found **
The file GELSIM.LIB is not on the diskette in the
active drive. Change the active drive by pressing F6 
or change the diskette.
10 ** Input Out of Range **
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The number which you attempted to enter is outside 
the input range. See Appendix D for a list of
ranges.
11 Help File Not Found
You have pressed the Help key (ALT-H) but the file 
GELSIM.HLP is not on the diskette in the Active 
Drive. Change the Active Drive or the diskette and 
try again.
In addition to these explicit error messages, 
other error messages may result from unusual and 
unanticipated errors. The messages will indicate a
numbered error code and instruct you to press RETURN. In
most cases you will return to the Main Menu where you may
continue. If return is impossible, it may be necessary to 
reboot the system.
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APPENDIX B: GEL FILE DATA STRUCTURE
This information on GEL file data structure is
provided for those who like direct access to their data
files or who wish to convert them to another structure for 
use in their own programs.
GEL files are sequential access files. Each file 
is 399 lines long and can be edited with a text editor. 
The format is:
7 Universal Lane Running Parameters
7 Universal Lane Calculation Constants and Universal Auto
Mode Specifier
8 Sets of 7 Individual Lane Running Parameters





Flag (0 means lane is empty, 1 means lane has at
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least one fragment)
30 Fragment Lengths




4. Gel Concentration (weight %)
5. Electrophoresis Time (hours)
6. Electrode Separation (centimeters)
7. Gel Length (centimeters)
The order of the calculation constants is:
1. DEFAULT Calculation Mode Time Constant
2. LOG Calculation Mode Slope
3. LOG Calculation Mode Intercept
4. LOG Calculation Mode Time Constant
5. INVERSE Calculation Mode Slope
6. INVERSE Calculation Mode Intercept
7. INVERSE Calculation Mode Time Constant
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APPEMDIX C: THE GELSIM LIBRARY
The GELSIM Library is composed of 273 sets of DNA 
fragment sizes resulting from the digestion of seven types 
of DNA by many different restriction enzymes. Only 
restriction enzymes which produce blunt-ended fragments 
have been included because sticky-ended fragments may adopt 
unusual conformations which affect migration distances in 
unpredictable ways. Combinations of DNA and restriction 
enzyme which produce more than 3 0 fragments have also been 
omitted since GELSIM can accept only 30 fragment sizes per 
lane. One double digest ,#77, has been included. A brief 
description of each type of DNA represented in the Library 
is given in Table C-l.
A complete listing of the contents of the Library 
is given in Table C-2 below. The entries are arranged in 
the form in which they can be paged from GELSIM. Each 
entry starts with an index number (from 1 to 273), followed 
by the DNA type (see explanations above), a colon, and a 
restriction enzyme name.
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Table C-l: DNA Types in GELSIM's Library
AV TYPE 2: 
(AV)
Adenovirus Type-2, a linear, double 




Phage Lambda, a linear, double stranded 




Replicative Form DNA from the M13 
E. coli bacteriophage. This DNA is 
double stranded, circular and 7253 base 
pairs long. Only restriction enzymes 
which cleave both M13 mp8 and M13 mp9 
forms at identical positions are 
represented in the Library.
pBR322:
(PBR)
The pBR322 plasmid commonly used as a 
cloning vector within E. coli. The DNA 




Two double stranded, circular cloning 
vectors of length 2686 base pairs. Only 
those restriction enzymes which cleave 
at identical sites in the two vectors 
are represented in the Library.
SV40:
(SV)
The double stranded, circular DNA of 




The Replicative Form DNA of the E. coli 
virus, X174. The DNA is circular and 
5386 base pairs in length.
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Table C-2: The Contents of GELSIM.LIB in Pages of 33
Page 1
1 AV: Aat II 12 AV: BstE II 23 AV: Mst I
2 AV: Acc I 13 AV: Cla I 24 AV: Mst II
3 AV: Aha III 14 AV: Cvn I 25 AV: Nae I
4 AV: Apa I 15 AV: Dra I 26 AV: Nar I
5 AV: Avr II 16 AV: Eco RI 27 AV: Nco I
6 AV: Bal I 17 AV: Eco RV 28 AV: Nde I
7 AV: Bam HI 18 AV: Hinc II 29 AV: Not I
8 AV: Bel I 19 AV: Hind III 30 AV: Nru I
9 AV: Bgl I 20 AV: Hpa I 31 AV: Nsi I
10 AV: Bgl II 21 AV: Kpn I 32 AV: Pvu I
11 AV: Bst XI 22 AV: Mlu I 33 AV: Pvu II
Page 2
34 AV: Rru I 45 AV: Xho I 56 LAM: AVA I
35 AV: Rsh I 46 •AV: Xho II 57 LAM: AVA II
36 AV: Sal I 47 AV: Xma I 58 LAM: Ava I
37 AV: Sea I 48 AV: Xma III 59 LAM: Ava III
38 AV: Sfi I 49 AV: Xmn I 60 LAM: Avr II
39 AV: Sma I 50 AV: Xor II 61 LAM: Bal I
40 AV: Sph I 51 LAM Aat I 62 LAM: Bam HI
41 AV: Sst I 52 LAM Aat II 63 LAM: Ban I
42 AV: Stu I 53 LAM Acc I 64 LAM: Ban II
43 AV: Tth 111 54 LAM Afl II 65 LAM: Bel I
44 AV: Xba I 55 LAM Aha III 66 LAM: Bgl I
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67 LAM: Bgl II 78 LAM Fsp I 89 LAM: Mul I
68 LAM: BssH II 79 LAM Fsp II 90 LAM: Nae I
69 LAM: Bst XI 80 LAM HgiA I 91 LAM: Nar I
70 LAM: BstE II 81 LAM Hind III 92 LAM: Nco I
71 LAM: Cla I 82 LAM Hind 3+E 93 LAM: Nde I
72 LAM: Cvn I 83 ■LAM Hpa I 94 LAM: Nhe I
73 LAM: Dra I 84 LAM Kpn I 95 LAM: Nru I
74 LAM: Eco K 85 LAM Mae I 96 LAM: Nsi I
75 LAM: Eco RI 86 LAM Mlu I 97 LAM: Ppa I
76 LAM: Eco RV 87 .LAM Mst I 98 LAM: PpuM I
77 LAM: Esp I 88 LAM Mst II 99 LAM: Pst I
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Table C-2: Continued
Page 4
100 LAM Pvu I 111 LAM Ssp I 122 LAM Xor I
101 LAM Pvu II 112 LAM Sst I 123 M13 Aha II
102 LAM Rru I 113 LAM Sst II 124 M13 Ban I
103 LAM Rsr II 114 LAM Stu I 125 M13 Bsp 1268
104 LAM Sac I 115 LAM Sty I 126 M13 BstN I
105 LAM Sac II 116 LAM Tthlll 127 M13 Cla I
106 LAM Sal I 117 LAM Xba I 128 M13 Dde I
107 LAM Sea I 118 LAM Xho I 129 M13 Eco RII
108 LAM Sma I 119 LAM Xho II 130 M13 Hae I
109 LAM SnaB I 120 LAM Xma III 131 M13 Hae II
110 LAM Sph I 121 LAM Xmm I 132 M13 Hae III
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133 M13 HgiA I 144 PBR Aha III 155 PBR Eco RI1
134 M13 Hha I 145 •PBR Alu I 156 PBR Eco RI*
135 M13 Hinf I 146 PBR Ava II 157 PBR Eco RII
136 M13 Nde I 147 PBR Ban I 158 PBR Hae I
137 M13 Pvu II 148 PBR Ban II 159 PBR Hae II
138 M13 Rsa I 149 PBR Bgl I 160 PBR Hae III
139 M13 Sau 96 150 PBR Bsp 128 161 PBR HgiA I
140 M13 Tha I 151 PBR BstN I 162 PBR HgiD I
141 M13 Xmn I 152 PBR Dde I 163 PBR Hinc II
142 PBR Acc I 153 PBR Dpn I* 164 PBR Hinf I
143 PBR Aha II 154 PBR Dra I 165 PBR Hpa II
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166 PBR Mae I 177 PBR Sin I 188 PUC Fnu4H I
167 PBR Mbo I 178 PBR Taq I 189 PUC Hae II
168 PBR Msp I 179 PBR Tha I 190 PUC Hae III
169 PBR Mst I 180 PBR Xho II 191 PUC HgiA I
170 PBR Nae I 181 PBR Xmn I 192 PUC Hha I
171 PBR Nar I 182 PUC Aha I 193 PUC Hinf I
172 PBR Nci I 183 PUC Alu I 194 PUC Hpa II
173 PBR Rsa I 184 PUC Ban I 195 PUC Mae I
174 PBR Sau 3A 185 PUC Dde I 196 PUC Mae III
175 PBR Sau 96 186 PUC Dra I 197 PUC Mbo I
176 PBR ScrF I 187 PUC Eco RII 198 PUC Msp I
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PLEASE NOTE:




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table C-2: Concluded
Page 7
199 PUC: Nci I 210 SV: Ava II 221 SV: Hae III
200 PUC: Nla III 211 SV: Ava III 222 SV: Hinc II
201 PUC: Nla IV 212 SV: Avr II 223 SV: Hind III
202 PUC: Rsa I 213 SV: Ban II 224 SV: Hinf I
203 PUC: Sau 3A 214 SV: Bsp 128 225 SV: Hpa I
204 PUC: Sau 96 215 SV: BstN I 226 SV: Mbo I
205 PUC: ScrF I 216 SV: Dde I 227 SV: Nco I
206 PUC: Taq I 217 SV: Eco RI' 228 SV: Nde I
207 PUC: Tha I 218 SV: Eco RII 229 SV: Pst I
208 PUC: Xho II 219 SV: Fnu4H I 230 SV: Pvu II
209 SV: Aha III 220 SV: Hae I 231 SV: Rsa I
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232 SV: Sau 3A 243 X: Bsp 128 254 X: Hae III
233 SV: Sau 96 244 X: Bst XI 255 X: HgiA I
234 SV: ScrF I 245 X: BstN I 256 X: HgiD I
235 SV: Sph I 246 X: Cfo I 257 X: Hha I
236 SV: Stu I 247 X: Dde I 258 X: Hinc II
237 SV: Xha II 248 X: Dra I 259 X: Hind II
238 X: Acc I 249 X: Eco RI' 260 X: Hinf I
239 X: Aha II 250 X: Eco RI* 261 X: Hpa I
240 X: Aha III 251 X: Eco RII 262 X: Hpa II
241 X: Alu I 252 X: Hae I 263 X: Mae I
242 X: Ban I 253 X: Hae II 264 X: Mae III
Page 9
265 X: Mlu I
266 X: Nar I
267 X: Nru I
268 X: Rsa I
269 X: Sau 96 I
270 X: ScrF I
271 X: Taq I
272 X: Tha I
273 X: Xmn I
246
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX D: INPUT RANGES AND DEFAULTS
Tables D-l and D-2 list the range of permissible 
input values and default values for GELSIM's Running 
Parameters and Calculation Constants, respectively.
Table D-l: Ranges and Defaults for GELSIM Running 
Parameters
Parameter Range Default
Voltage 1.0 to 500.0 30.0
Ionic Strength 0.001 to 0.1 0.053
Percent Agarose 0.1 to 5.0 1.0
Electrophoresis Time 0.1 to 200 10.0
Electrode Separation 6.0 to 46.0 12.7
Gel Length 6.0 to 46.0 10.0




Percent Agarose: Weight Percent agarose in buffer
Electrophoresis Time: Hours 
Electrode Separation: centimeters 
Gel Length: Centimeters
Table D-2: Ranges and Defaults for GELSIM Calculation 
Constants
Constant Range Default
DEFAULT Mode Time 0.0 to 5.0 0.1
LOG Slope -50 to +50 -3.53
LOG Intercept -100 to +100 20.0
LOG Time 0.1 to 5.0 0.1
INVERSE Slope -50 to +50 5.0
INVERSE Intercept -100 to +100 1.0
INVERSE Time 0.1 to 5.0 0.1
Auto Mode 0 or 1 0
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APPENDIX E
SAMPLES OF GELSIM'S OUTPUT
Belov is a Gel Graphic printed from within Main 
Menu Option 10. You may generate this same graphic by 
loading and running the file DEM07.GEL provided on your 
GELSIM diskettes. This demonstration file illustrates the 
decrease in fragment** resolution which accompanies the use of 
increasingly high Voltage Gradients.
On the following page is an example of a Gel 
Summary Sheet generated by GELSIM from the data in the file 
DEMOl.GEL.
1 2 3 4 5 6 7 8
ELECTROPHORESIS VOLTAGE SERIES FOR THE HIND III DIGEST 
OF LAMBDA DNA. The voltage of electrophoresis in each 
lane is equal to 10 times the lane number.
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OELSIX: THE ELETROHIC ACASOSE GEL 
12343078
GEL SUMMARY SHEET 
Flla: DEN01
sonriHo PARAMETERS-ACTIVB LA5B: U » SAMPLE HAMB MODE
Voltaga: 30 1 LAMBDA Aco I DEFAULT
Currant; .016 2 LAMBDA Acc I LOO
Ionic Strength: .033 3 LAMBDA Aau II DEFAULT
Parcant Agaroca: 1 4 LAMBDA Aau II LOO
Tlaa (Houra): 10 3 LAMBDA Baa HI DBFAULT
Saparatlon <ca>: 12.7 8 LAMBDA Baa HI LOO
Gal Length (cm): 10 7 LAMBDA Bgl II DEFAULT
a LAMBDA Bgl II LOO
L 1 L 2 L 3 L 4 L 3 L 8 L 7 L 8
.82 1.52 1.46 2 1.81 2.88 1.63 1.1
.87 1.72 2.73 8.99 3.85 9.28 2.25 4.43
1.24 2.81 2.89 7.36 3.87 9.78 2.82 8.31
1.48 3.28 3.74 9.22 4 10.04 9.2 13.73
2.08 4.17 3.4 11.78 4.37 11.16 33.8 24.34
2.83 4.73 9.82 13.83 4.86 11.32 33.29 27.32
3.19 3.17 16.33 19.17 0 0 >99 40.09
4.88 8.02 17.46 19.38 0 0 0 0
10.79 7.69 0 0 0 0 0 0
13.91 8.2 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
The Gel Sunmiary Sheet above Is smaller than Its 
original size. Bote that the Running Parameters are given 
for the lane which was the Active Lane at the time the Gel
Summary Sheet was requested (via Main Menu Option 6). The
column entitled ’’Mode” gives the Calculation Mode used in
each lane while the column entitled ”#’’ gives the Lane
Number. The columns entitled "LI” through "L8” give the 
migration distances, in centimeters, of the DNA fragments
loaded into lanes 1 through 8 respectively. The file name is 
in the top right hand corner of the Summary while a picture 
of the Current Gel is given in the upper left hand corner.
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APPENDIX B
The following are key QuickBasic 4.0 routines from 
the program used to collect data with the DAS-20 analog to 
digital converter. These routines are available from 
MetraByte, the maker of the DAS-20, on disk. The CALL 
statements are calls to the DAS-20 device driver. A 
program which uses the DAS-20 to collect data in DMA mode 
must do the following:
1. Initialize the DAS-20.
2. Set the programmable timer to the correct sampling 
rate.
3. Set the RAM que. The RAM que is a table of values 
consisting of gain and channel codes for the DAS-20 to 
follow. The table is circular. The DAS-20 makes an 
analog to digital conversion at time intervals specified 
by the programmable timer using the gain and channel 
specified in the RAM que. When the end of the que is
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reached, the DAS-20 starts back at the beginning.
4. Start DMA data collection. This step involves 
specifying the segment of memory to use for DMA data 
acquisition. The segment beginning at hexadecimal 7000 
was used here.
5. Check the status of the DAS-20 to see how many analog 
to digital conversions there have been. Retrieve data 
when you have enough.
6. Retrieve the data from RAM. Attempting to read the 
data using PEEK statements may result in errors
if the data being read is simultaneously being written by 





DIM dio%(10), dt%(1000), ch%(1000), dat%(2000)
COMMON SHARED dio%(), dt%(), ch%()
DECLARE SUB DAS20 (M0DE%, BYVAL dummy%, flag%)
CONST false = 0, true = NOT false
TimesPerSecond = 2000
RATE = 50000 / TimesPerSecond
ROUTINE TO INITIALIZATION DAS-20
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Initializedas:
dio%(0) = &H300 'base I/O address
dio%(l) = 2 'interrupt level
dio%(2) = 1 'D.M.A. level
'Be sure that base address correspond to switch settings
'on DAS-20!
MD% = 0 'initialize mode
flag% = 0 'declare error variable
CALL DAS20(MD%, VARPTR(dio%(0)) , flag%) 'initialize
RETURN
ROUTINE TO SET THE PROGRAMMABLE TIMER
Settimer:
'Set programmable timer to output desired sample rate
I
' SAMPLE RATE = 5,000,000 / (DIO%(0) * DI0%(1))
i
'NOTE., if DIO%(l) is 0 then only 16 bits of counter is 
used and SAMPLE RATE=5,000,000/dio%(0)
I
dio%(0) = 100 'sample at 10 samples/sec
dio%(l) = RATE 'since 0 16 bit counter using
MD% =24 'adc pacer timer set mode
CALL DAS20(MD%, VARPTR(dio%(0) ) , flag%)
RETURN
ROUTINE TO SET THE RAM QUE
setque:
'2-first, 0-next, 1-last
dio%(0) = 0 'set channel
dio%(l) = 0 'set gain range
dio%(2) = 2 'set command
MD% = 1 'mode 1 - set scan sequence
CALL DAS20(MD%, VARPTR(dio%(0) ) , flag%)
IF flag% <> 0 THEN 
" in setting scan
PRINT "Error #"; 
sequence": STOP
flag%;
dio%(0) = 0 ' set channel
dio%(l) = o ' set gain range
dio%(2) = 1 ' set command
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MD% = 1 'mode 1 - set scan sequence
CALL DAS20(MD%, VARPTR(dio%(0)) , flag%)
RETURN
ROUTINE TO START DMA DATA COLLECTION
startdma:
dio%(0) = 1000 'Total number of conversions
dio%(l) = &H7000 'Memory segment to dump data
dio%(2) -2 '0 =trigger external
'1 internal pace ,external gate 
'2 internal pace start NOW 
dio%(3) = 1  '1 = One shot and finish
' '0 = Continuous scanning
MD% = 6 'mode 6 - A/D conversions using D.M.A.
CALL DAS20(MD%, VARPTR(dio%(0)), flag%) 'set it going 
'Set N = Total number of conversions requested 
n = dio%(0)
RETURN
ROUTINE TO CHECK STATUS OF DAS-20
checkstatus:
MD% = 12 'check status mode
CALL DAS20(MD%, VARPTR(dio%(0)), flag%)




IF dio%(l) = 0 THEN flag = true ELSE flag = false
RETURN
ROUTINE TO RETRIEVE DATA FROM RAM
getdata:
'Retrieve data to arrays DT%(*) and CH%(*) using mode 13 
dio%(0) = n 'number of words to transfer
dio%(l) = &H7000 'memory segment to transfer from
dio%(2) = 0 'start transferring at conversion 0
dio%(3) = VARPTR(dt%(0)) 'location of DT%(*) array
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dio%(4) = VARPTR(ch%(0)) 'location of CH%(*) array 
MD% = 13 'mode 13 - data transfer
CALL DAS20(MD%, VARPTR(dio%(0)) , flag%) 'make transfer
RETURN
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